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Chapter I 
Literature Review 
  
Herbicide Resistance 
 Herbicide resistance is one of the greatest challenges impacting weed control in 
agronomic crops.  The survival of a weed population following an herbicide application 
results in competition that reduces crop yield and farm profitability; soil seed banks are 
also increased which affect future crop production.  Concomitantly, production costs 
increase through implementation of alternative weed control techniques and land value 
decreases.  Resistant weed populations may also force producers to adopt tillage or other 
weed control methods that negatively impact the environment. 
Herbicide resistance in weed species is a long term and growing challenge facing 
crop producers.  The first weed biotypes resistant to synthetic auxins were discovered in 
the late 1950’s, shortly after the first synthetic herbicide, 2,4-D, became widely used for 
weed control.  In the late 1970’s and early 1980’s, chemical agents became the dominant 
tools for weed control in agronomic and horticultural crops.  Biotypes were discovered 
with resistance to triazines (1972), dinitroanilines (1973), ureas and amides (1979), 
bipyridiliums (1980), acetyl-CoA carboxylase (ACCase) inhibitors (1982), and 
acetolactate synthase (ALS) inhibitors (1984),  (Heap 2014).  By 1995, approximately 
200 resistant biotypes were identified with resistance to 10 out of 30 herbicide modes of 
action (MOA) (Heap 2014).  In 2014, resistant weeds have been confirmed for 22 
herbicide modes of action; 434 resistant biotypes have been identified from 273 weed 
species (138 dicots and 99 monocots) in 82 crops across 65 countries (Heap 2014).   
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Resistance vs. Tolerance.  Plant survival following an herbicide application can be the 
result of tolerance or resistance.  The terms “herbicide tolerance” and “herbicide 
resistance” have been used interchangeably.  However, there are important distinctions 
based upon the approved definitions (1998) by the Weed Science Society of America 
(WSSA).  Herbicide tolerance is defined as “the inherent ability of a species to survive 
and reproduce after herbicide treatment” (Anonymous 1998).  This implies that the 
species as a whole, such as Asiatic dayflower (Commelina communis L.) and some 
morningglory species (Ipomoea spp.), survives herbicide treatment in the absence of 
selection pressure (Norsworthy et al. 2001; Ulloa and Owen 2009).  In some situations, a 
biotype of a species can be considered tolerant because of factors not related to the weed.  
For example, environmental adaptations may result in increased tolerance to an herbicide.  
DeGennaro and Weller (1984a, 1984b) identified 5 biotypes of field bindweed 
(Convolvulus arvensis L.) which were phenotypically different in leaf characteristics, 
growth, and reproduction, and resulted in differential responses to glyphosate.  Herbicide 
resistance is defined as “the inherited ability of a plant to survive and reproduce 
following exposure to a dose of herbicide normally lethal to the wild type” (Anonymous 
1998).  This implies that a biotype of a species is selected by herbicide pressure, such as 
glyphosate-resistant (GR) common waterhemp (Amaranthus rudis Sauer.) selection after 
only six years of consecutive glyphosate use (Legleiter and Bradley 2008).  Resistance is 
conferred by naturally occurring mutations or alterations in the genotype of a population; 
continued use of an herbicide will reveal plants exhibiting resistance.   
Resistance Selection and Costs.  A number of factors contribute to the evolution of an 
herbicide resistant weed population.  The initial frequency of resistance alleles, fitness in 
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the presence or absence of herbicide, a weed’s mating system, and the heritability of 
resistance are all important factors in the evolution of herbicide resistance (Jasieniuk et 
al. 1996).  However, over-reliance on a single herbicide, or multiple herbicides with the 
same MOA, is considered the single most important factor resulting in the selection of 
plants exhibiting herbicide resistance (Norsworthy et al. 2012).  The use of a single MOA 
will reduce the frequency of susceptible genotypes and increase the frequency of resistant 
genotypes in the population (Jasieniuk et al. 1996).  For example, chlorsulfuron-resistant 
prickly lettuce (Lactuca serriola L.) (Mallory-Smith et al. 1990), 2,4-D-resistant wild 
carrot (Daucus carota L.) (Whitehead and Switzer 1967), atrazine-resistant common 
groundsel (Senecio vulgaris L.) (Ryan 1970), and propanil-resistant barnyardgrass 
(Enchinochloa crus-galli L. Beauv.) (Carey et al. 1995) were each selected following 
continual use of a single herbicide.  Additionally, GR rigid ryegrass (Lolium rigidum 
Gaudin), Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot], horseweed 
[Conyza canadensis (L.) Cronq.], Palmer amaranth (Amarantus palmeri S. Wats.), and 
common waterhemp all developed resistance following continual use of glyphosate for 3 
to 14 years (Culpepper et al. 2006; Legleiter and Bradley 2008; Powles et al. 1997; 
Simarmata et al. 2005; VanGessel 2001).   
Selection of herbicide resistant populations negatively impacts crop yields and 
producer profits.  When a resistant biotype infests a crop field, the producer’s profit is 
reduced both directly and indirectly.  The herbicide which normally eliminates the weed 
no longer does, allowing resistant weeds to continue competing with the crop for 
available resources.  Legleiter et al. (2009) reported up to a 34% soybean yield loss when 
glyphosate was the only post-emergence (POST) application on GR common waterhemp.  
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Additionally, the producer will have reduced profitability due to reduced commodity 
prices through weed-seed contamination, reduced land value, costs of mechanical or 
cultural control techniques, and expenses of alternative herbicides or cropping systems 
(Norsworthy et al. 2012).  GR horseweed in soybean (Glycine max L.) was estimated to 
increase production costs by $28.42 ha
-1
 (Mueller et al. 2005).  A pre-plant burndown of 
paraquat, dicamba, and sulfentrazone plus chlorimuron, as well as a surfactant and 
interest cost of borrowing operating capital cost $51.89 ha
-1
 compared to $23.47 ha
-1
 
when using glyphosate alone (Mueller et al. 2005).  Similarly, propanil- and quinclorac-
resistant barnyardgrass in Arkansas rice (Oryza sativa L.) production resulted in an 
estimated additional cost of $65 ha
-1
 (Norsworthy et al. 2007).   
Weed Resistance in Missouri.  In Missouri, there are currently 14 weed biotypes which 
are resistant to ALS inhibitors, triazines, ureas and amides, protoporphyrinogen IX 
oxidase (PPO) inhibitors, ACCase inhibitors, or glyphosate (Table 1.1) (Heap 2014).  
Collectively, these biotypes have been estimated to infest over 1.6 million hectares.  
However, the six species with resistance to glyphosate [Palmer amaranth, common 
waterhemp, common ragweed (Ambrosia artemisiifolia L.), giant ragweed (Ambrosia 
trifida L.), horseweed, and annual bluegrass (Poa annua L.)] are most problematic 
because producers primarily rely upon glyphosate for weed control in GR corn and 
soybean production systems.  Common waterhemp is one of the most problematic 
resistant species in Missouri because of the broad distributions of infestations.  A survey 
of 144 common waterhemp populations from 38 counties determined glyphosate-
resistance in 99 (69%) populations (Rosenbaum et al. 2012).  Infestations are often 
extensive, because average seed production of 250,000 seeds per plant and a continuous 
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emergence pattern allows germination later into the season than most other summer 
annual weeds (Hartzler et al. 1999; Sellers et al. 2003).  Additionally, waterhemp and 
Palmer amaranth are dioecious, which forces outcrossing and maintains genetic diversity.  
This allows adaptation to herbicides with a single MOA (Foes et al. 1998). 
Table 1.1. Herbicide resistant weeds identified in Missouri (Heap 2014). 
Year Weed Species Herbicide Family 
Cropping 
System 
1992 common cocklebur (Xanthium strumarium) ALS  soybean (soy) 
1994 common waterhemp (Amaranthus rudis) PS II corn 
1994 common waterhemp (Amaranthus rudis) ALS soy 
1994 barnyardgrass (Echinochloa crus-galli) Ureas & amides  rice 
1996 common sunflower (Helianthus annus) ALS soy 
2002 horseweed (Conyza canadensis) Glycines cotton 
2004 common ragweed (Ambrosia artemisiifolia) Glycines soy 
2005 common waterhemp (Amaranthus rudis) ALS, PPO, Glycines corn, soy 
2008 Palmer amaranth (Amaranthus palmeri) Glycines cotton, soy 
2009 giant ragweed (Ambrosia trifida) Glycines soy 
2009 common waterhemp (Amaranthus rudis) ALS, Glycines corn, soy, cotton 
2010 annual bluegrass (Poa annua) Glycines turf 
2011 giant ragweed (Ambrosia trifida) ALS, Glycines corn 
2013 Italian ryegrass (Lolium multiflorum) ACCase, ALS corn, soy, wheat 
 
Glyphosate Resistance.  Engineered resistance to herbicides in crop plants has led to 
significant advances in weed control options.  Crop producers can utilize fewer 
herbicides to manage a broad spectrum of weeds with minimal crop injury.  Of particular 
importance was the 1996 release of transgenic crops expressing resistance to glyphosate, 
which transformed weed control and resulted in economic and environmental benefits 
(Duke and Powles 2008a).  Adoption of this technology was rapid because the use of 
glyphosate, which controls most plant species, made weed control effective and easy.  
Crop producers could rely primarily on glyphosate for weed control and reduce the use of 
other herbicides (Duke and Powles 2008a).  Young (2006) reported that the number of 
active ingredients used has been reduced from 11 to 1 (glyphosate) from 1995 to 2002 on 
 6   
 
at least 10% of treated soybean hectares.  This technology also encouraged conservation 
tillage systems that reduced soil erosion; Givens et al. (2009) reported 45 and 23% 
reduced tillage intensity in continuous GR cotton and GR soybean, respectively.  By 
2012, 93% of soybean, 73% of corn, and 80% of cotton hectares were planted with 
herbicide-resistant hybrids/varieties (USDA 2012).  The GR technology is utilized in the 
majority of these varieties. Duke and Powles (2009) reported 80% of all transgenic crops 
planted in 2008 were GR. 
One of the negative impacts of the wide spread adoption of GR crops and 
continuous use of glyphosate is the selection of numerous biotypes among 29 weed 
species which are resistant to glyphosate (Heap 2014).  Although the number of biotypes 
with glyphosate-resistance is low compared to other modes of action, GR weeds pose 
major threats.  Glyphosate is a vital herbicide for agriculture production worldwide and 
continued selection of resistant species will have major impacts on future weed 
management practices (Duke and Powles 2008a).    
 
Glyphosate 
Glyphosate [N-(phosphonomethyl)glycine] was tested initially for herbicidal 
activity in 1970 by John E. Franz, and was released in 1974 as a non-selective post-
emergence herbicide (Duke and Powles 2008b).  Glyphosate controls a wide range of 
annual as well as perennial plant species.  Extensive translocation from the site of 
application to all parts of the plant results in the ability to control perennial plants (Franz 
et al. 1997).  Because of the lack of crop selectivity, glyphosate was restricted to 
applications before crop planting and in situations where contact with foliage was 
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avoided.  For 20 years after commercialization, glyphosate was used primarily as a pre-
plant herbicide in annual grain crops or as a directed herbicide in well-established tree, 
nut, and vine crops (Duke and Powles 2008b).  Since 1996, the usage of glyphosate has 
dramatically increased due to the ability to make applications POST in GR crops. 
Mode of Action.  Glyphosate inhibits 5-enol-pyruvyl-shikimate-3-phosphate synthase 
(EPSPS), a nuclear encoded and plastid expressed enzyme (Duke and Powles 2008b).  
EPSPS is one of seven enzymes that function in the shikimate pathway and is essential 
for the production of three aromatic amino acids: phenylalanine, tyrosine, and tryptophan 
(Figure 1.1) (Herrmann & Weaver 1999).  In plants, the metabolic sequence of the 
shikimate pathway is one of the most active pathways in terms of carbon flow (Herrmann 
& Weaver 1999).  As a result, numerous compounds are produced: intermediates serve as 
starting points for biosynthesis of secondary products; chorismate serves as the precursor 
of the aromatic amino acids as well as other aromatic compounds of primary metabolism; 
and the amino acids are precursors to a large variety of secondary metabolites (Herrmann 
& Weaver 1999).  The shikimate pathway is only found in microorganisms and plants; 
therefore, chemical compounds that inhibit enzyme activity are considered safe for 
mammals in reasonable concentrations (Herrmann & Weaver 1999).   
The shikimate pathway is very active in plant meristems and flowers because 
amino acid production is essential for growth and development of new tissue (Weaver 
and Herrmann 1997).  EPSPS is encoded within the nucleus, translated in the cytoplasm,  
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and then transported into plastids, where the aromatic amino acids are synthesized 
(Dayan et al. 2010; Schulz et al. 1990).  A transit peptide signals plastid localization of 
EPSPS and is then cleaved off after import; it was thought that the attachment of the 
transit peptide rendered the EPSPS inactive while in the cytoplasm (Dayan et al. 2010).  
However, Della-Cioppa et al. (1986) demonstrated EPSPS was a functional enzyme 
before cleavage of the transit peptide while in the cytoplasm.  Normally, condensation of 
phosphoenolpyruvate (PEP) and shikimate-3-phosphate is catalyzed by EPSPS and 
culminates in production of the amino acids.  However, in the presence of glyphosate, 
Figure 1.1. Aromatic amino acid pathway in plants: shikimate pathway (green.); tryptophan 
pathway (blue.); phenylalanine and tyrosine pathways (red.).  Maeda and Dudareva (2012). 
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glyphosate out-competes PEP for 
binding to EPSPS, precluding normal 
function and resulting in buildup of 
shikimate-3-phosphate and shikimate 
within the plant (Figure 1.2).   
Inhibition of EPSPS requires 
movement of glyphosate from the 
surface of treated plants into the stroma 
of chloroplasts.  Once applied to the leaf 
surface, the hydrophilic glyphosate molecule 
is absorbed through the hydrophobic cuticle by diffusion (Duke and Powles 2008b).  
Glyphosate is then transported across the plasma membrane by two mechanisms, an 
active system involving a phosphate transport pump (low concentrations) and a passive 
mass flow system driven by concentration gradients (high concentrations) (Shaner 2009).  
Inside the cytoplasm, glyphosate will gain entry into the chloroplast by the active or 
passive system.  Additional molecules are loaded into the phloem via plasmodesmata and 
translocated from source leaves to meristematic tissue in the shoots and roots (Bromilow 
and Chamberlain 2000).   
 
Mechanisms of Crop Resistance 
GR crops are modified genetically to survive multiple applications of glyphosate 
with no crop injury.  Resistance is conferred by the insertion of a gene that expresses a 
modified EPSPS enzyme not sensitive to glyphosate.  Eleven genes have been isolated 
Figure 1.2. Glyphosate inhibition of the 
shikimate pathway. Dill (2005).  
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that encode mutated EPSPS enzymes with amino acid substitutions.  All eleven mutations 
are not sensitive to glyphosate, but ten concomitantly reduce PEP binding ability (Pline-
Srnic 2006).  Therefore, only one is currently used and expressed in commercial crops 
because it significantly reduces the binding affinity of glyphosate while not inhibiting the 
ability to bind with PEP.  This gene was isolated from Agrobacterium spp. strain CP4 
(Nap et al. 2003), and is commonly referred to as CP4-EPSPS.  Subtle changes in the 
binding site of CP4-EPSPS preclude glyphosate from binding and allow normal reaction 
with PEP and shikimate-3-phosphate (CaJacob et al. 2004).  Amino acid sequence 
comparisons for the CP4-EPSPS and EPSPS from corn and soybean revealed that 24.1 
and 26% were identical and 48.5 and 51.2% were similar, respectively (Padgette et al. 
1996).  Conserved residues of Lys22, Arg27, and Arg124 which are important in PEP 
and shikimate-3-phosphate binding are also found in CP4-EPSPS (Lys28, Arg33, 
Arg128) allowing normal function and efficiency (Padgette et al. 1996).  Furthermore, 
Funke et al. (2006) demonstrated that the CP4-EPSPS binds to glyphosate; however, it is 
bound in a non-inhibitory conformation.  An Ala at position 100 creates the condensed 
conformation of glyphosate which does not inhibit normal interaction with PEP.  
Insertion of CP4-EPSPS has been accomplished in all GR crops generated to date.   
In addition to expression of CP4-EPSPS, crops have been manipulated to confer 
resistance by overexpression of EPSPS.  Overexpression of the EPSPS enzyme was first 
selected by step-wise selection to increasing concentrations of glyphosate in cell culture 
using wild carrot (Suh et al. 1993).  Cells exhibited a 12-fold increase in EPSPS activity 
and the genome contained a 4- to 25-fold increase in the number of copies of EPSPS.  
Overexpression of EPSPS was also selected in cell culture using rock harlequin 
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[Corydalis sempervirens (L.) Pers.], Madagascar periwinkle [Catharanthus roseus (L.) G. 
Don.], tomato (Lycopersicon esculentum Mill.), euglena (Euglena gracilis Klebs), 
chicory (Cichorium intybus L.), corn (Zea mays L.), petunia (Petunia hybridus), tobacco 
(Nicotiana tabacum L.), soybean [Glycine max (L.) Merr.], and alfalfa (Medicago sativa 
L.) (Pline-Srnic 2006).  The increase in gene copies results in increased transcription and 
production of EPSPS; therefore, the higher concentration of enzymes facilitates survival 
to the normal dose of herbicide.  In all cases, EPSPS was still sensitive to glyphosate, but 
the increased amount of EPSPS activity resulted in little effect on the carbon flow 
through the shikimate pathway (Pline-Srnic 2006).  However, some species in cell culture 
showed reductions or complete loss of resistance over time in the absence of glyphosate.  
A 15% reduction in resistance was shown in Madagascar periwinkle after six months 
(Cresswell et al. 1988), and a 50% reduction was shown in wild carrot after two years 
(Murata et al. 1998).  Reductions are likely due to a fitness penalty which results in the 
generation of new cells without overexpression of EPSPS (Pline-Srnic 2006).  
Overexpression of EPSPS was determined to not likely to result in resistance to 
commercial levels of glyphosate because of low genetic stability and heritability (Pline-
Srnic 2006).   
Resistance has also been conferred by inserting bacterial genes which encode 
enzymes that metabolize glyphosate.  Under normal conditions, glyphosate is 
metabolized by soil microbes that break down glyphosate into aminomethylphosphonic 
acid (AMPA) and glyoxylate (Rueppell et al. 1977).  AMPA has been found in plants 
treated with glyphosate; however, no plant enzymes have been identified with the ability 
to metabolize glyphosate (Duke et al. 2003).  Degradation of glyphosate as a resistance 
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mechanism is highly desirable because herbicide residues are not likely to accumulate in 
plant tissue (Pline-Srnic 2006).  Glyphosate oxidoreductase (GOX) was isolated from 
Ochronobactrum anthropi strain LBAA and is capable of cleaving the C-N bond of 
glyphosate resulting in AMPA and glyoxylate (Barry et al. 1992).  Glyphosate N-acetyl 
transferase (GAT), isolated from Bacillus licheniformis, detoxifies glyphosate by N-
acetylation (Castle et al. 2004).  Both genes have resulted in glyphosate resistance at 
commercial use rates of the herbicide (Castle et al. 2004; Franz et al. 1997).  Currently, 
no crop varieties are commercially available with expression of the GOX or GAT gene 
alone as the resistant mechanism (Nap et al. 2003).    GR sugar beet (Beta vulgaris L.), 
wheat (Triticum aestivum L.), corn (Zea mays L.), oilseed rape (Brassica napus L.), and 
oilseed turnip (Brassica rapa L.) have been developed with both the GOX gene and the 
CP4-EPSPS gene (Nap et al. 2003; Mannerlof et al. 1997; Zhou et al. 1995).   
 
Mechanisms of Weed Resistance 
 Since the discovery of resistant weed biotypes, scientists have been elucidating 
the mechanisms which confer resistance.  Several mechanisms have been discovered, 
including: metabolic conjugation or detoxification; altered site of action; overexpression 
of target site enzyme; differential absorption; and altered translocation or sequestration.  
In some species, herbicide resistance has been facilitated by expression of two or more 
mechanisms.  Currently, weed resistance to glyphosate has been identified by all 
mechanisms except metabolic conjugation or detoxification (Gaines et al. 2009; Michitte 
et al. 2007; Powles & Preston 2006).   
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Altered Site of Action.  Resistance conferred by an altered site of action is commonly 
the result of a mutation in a protein or enzyme that results from an amino acid 
substitution.  A mutation at the target site results in reduced binding affinity of the 
herbicide with little or no reduction on binding affinity to the native substrate.  Resistance 
to photosystem II inhibitors is conferred by an amino acid substitution from Ser to Gly at 
position 264 in the D1 protein for most species (Devine and Shukla 2000).  The altered 
site of action mechanism for ALS resistance can result from amino acid substitutions at 
positions Ala122, Pro197, Trp591, or Ser670 (Bernasconi et al. 1995; Boutsalis et al. 
1999;  Devine and Eberlein 1997; Guttieri et al. 1992; Guttieri et al. 1995).  The most 
common mutation in the ALS enzyme is a substitution from Pro197 to Ala, Thr, His, 
Leu, Arg, Ile, Gln, or Ser (Devine and Shukla 2000).  Goosegrass (Eleusine indica L.) 
resistance to dinitroanilines is conferred by a substitution of Thr239 to Ile or a Met268 to 
Thr in an α-tubulin gene (Anthony et al. 1998; Yamamoto et al. 1998).  Amino acid 
substitutions of Ile1781 to Leu, Ile2041 to Asn or Val, Asp2078 to Gly, Cys2088 to Arg, 
Trp1999 to Cys, Trp2027 to Cys, and Gly2096 to Ala have also been reported in 
ACCase, a plastid enzyme that is the target site for graminicides; mutations confer high 
levels of resistance.  Additionally, resistance to PPO inhibiting herbicides in waterhemp 
has been shown to be conferred by an amino acid deletion rather than a substitution.  
Resistant biotypes from Illinois, Kansas, and Missouri all contained a codon deletion in 
the PPX2 gene which resulted in the removal of Gly210 (Lee et al. 2008; Patzoldt et al. 
2006; Thinglum et al. 2011).  However, an amino acid deletion has only been associated 
with PPO resistance.  
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Glyphosate resistance in selected weed species due to an altered site of action is 
similar to glyphosate resistance expressed in crop plants.   The EPSPS enzyme contains 
an amino acid substitution which changes the enzyme’s conformation, precluding 
glyphosate binding.  An indication that the EPSPS enzyme may be altered is the absence 
of shikimate build up following exposure to glyphosate.  Brosnan et al. (2012) reported 
that a resistant biotype of annual bluegrass exhibited a resistance factor (RF) of 12 
compared to the susceptible biotype, and accumulated 49% less shikimate at 3 DAT; a 
possible altered enzyme was suggested as the basis for resistance.  Carvalho et al. (2011) 
suspected sourgrass (Digitaria insularis (L.) Mez ex Ekman), which expressed a low RF 
of 2.3 to 3.9, had a target site mutation because the susceptible biotype accumulated 3.3 
to 5.7 times more shikimate than three resistant biotypes at 168 HAT.  Mueller et al. 
(2011) reported that goosegrass from Tennessee, with a RF of 7.4 to glyphosate, 
accumulated less shikimate up to 6 DAT compared to the susceptible biotype.  GR 
Palmer amaranth from Georgia, with an RF of 12, was also shown to accumulate 
significantly less shikimate than the susceptible biotype in a leaf disc assay (Culpepper et 
al. 2006).  Recently, scientists have discovered that the genetic mutation in the EPSPS 
enzyme occurs most frequently with an amino acid substitution from Pro106 to Ala, Ser, 
or Thr (Bostamam et al. 2012; Jasieniuk et al. 2008; Kaundun et al. 2008; Nandula et al. 
2013; Yu et al. 2007).  Four resistant Italian ryegrass (Lolium multiflorum Lam.) biotypes 
exhibited target site mutations.  Three biotypes exhibited substitutions from Pro106 to 
Ala, which resulted in an RF of 5 to 15.3, and one resistant population exhibited a 
substitution from Pro106 to Ser, resulting in a low RF of 2.4 to 4.7 (Jasieniuk et al. 2008).  
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Similarly, Kaundun et al. (2008) also determined that a biotype of goosegrass in the 
Philippines, with a low RF of 2, possessed a substitution from Pro106 to Ser.   
Overexpression of Target site Enzyme.  Overexpression of the target site enzyme is not 
the result of a mutation within the enzyme.  However, there are additional genetic copies 
of the enzyme that results in excess production compared to the wild type.  Over-
production of target sites suggests that not all available enzymes will be inhibited when 
an herbicide is introduced; uninhibited enzymes can continue normal function.  
Therefore, the herbicide rate which normally inhibits all the available enzymes will not 
be lethal to the plant.  Lermontova and Grimm (2000) genetically engineered tobacco to 
be resistant to acifluorfen, a PPO inhibiting herbicide, by inserting a gene which resulted 
in a 5-fold increase in the level of the plastidic isoform of protoporphyrinogen oxidase.  
Similarly, cell lines of tobacco, soybean, alfalfa, petunia, and wild carrot have all been 
selected in vitro to over-express EPSPS.   
 In a naturally selected population, only a few species have been identified where 
glyphosate-resistance was conferred by overexpression.  Recently, Salas et al. (2012) 
reported overexpression as the underlying mechanism of glyphosate resistance in a 
biotype of Italian ryegrass from Arkansas.  With a RF of 7 to 13, there was 6-fold higher 
basal EPSPS activity and up to 25 more copies of the EPSPS gene than expressed in the 
susceptible biotype.  Gaines et al. (2010) determined the basis of glyphosate resistance in 
a biotype of Palmer amaranth from Georgia (same population described by Culpepper et 
al. 2006) was also overexpression of the target enzyme.  Genomes of resistant plants 
exhibited 5- to 160-fold additional copies of the EPSPS gene compared to susceptible 
plants.  Both quantitative reverse transcription polymerase chain reaction (RT-PCR) and 
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immunoblot analyses have shown that EPSPS expression and protein level were 
positively correlated with genomic EPSPS relative copy number (Gaines et al. 2010).  
GR Palmer amaranth in New Mexico with a RF of 7 was also shown to overexpress 
EPSPS with 2- to 8-fold additional EPSPS copies (Mohseni-Moghadam et al. 2013).  
 
Altered Translocation or Sequestration.  Reduced translocation of glyphosate confers 
resistance by impeding the movement of glyphosate to the location of the target site 
enzyme.  However, the physiological mechanism responsible for reducing translocation is 
not fully understood.  Riar et al. (2011) identified an RF of 5 to 7 in a resistant biotype of 
johnsongrass [Sorghum halepense (L.) Pers.], and only 23% of glyphosate was moved 
out of the treated leaf compared to 50% in susceptible plants.  Additionally, 28% more 
glyphosate was retained in the treated leaf of resistant compared to susceptible plants at 
72 hours after treatment (HAT).  A GR biotype of johnsongrass in Argentina with an RF 
of 2 to 4.5 translocated only 11 and 9% of applied glyphosate to roots and apical 
meristems, respectively compared to 29 and 26%, respectively in the susceptible biotype 
(Vila-Aiub et al. 2011).  In horseweed from Delaware, Feng et al. (2004) reported a 20% 
reduction in glyphosate translocation to the root and non-treated leaves for the resistant 
biotype.  Koger and Reddy (2005) stated that horseweed biotypes from Mississippi and 
Delaware (different biotype than used by Feng et al. 2004) translocated 28 and 48% less 
glyphosate out of the treated leaf compared to the susceptible, respectively.  Two rigid 
ryegrass biotypes from Australia translocated 20 to 22% less glyphosate to the meristem 
compared to the susceptible biotype (Yu et al. 2009).  Additionally, the rigid ryegrass 
biotypes exhibited resistance to ACCase and ALS herbicides due to enhanced 
metabolism via cytochrome P450 activity.   
 17   
 
 While altered translocation is not fully understood, some theories have been 
presented which may provide a physiological basis.  Shaner (2009) proposed four 
potential mechanisms to explain reduced translocation.  The first is an alteration in an 
existing phosphate transport pump that functions to transport glyphosate across the 
plasma membrane.  If this pump is no longer functional or cannot recognize glyphosate, 
uptake and translocation could be reduced.  However, this would only function at low 
concentrations of glyphosate, because at high concentrations uptake can take place 
passively via a concentration gradient.  The second mechanism is evolution of a new 
transport pump that actively moves glyphosate out of the cell into the apoplast, 
precluding phloem loading.  This theory may explain biotypes that translocate glyphosate 
to the leaf margins, because exclusion from cells would still permit xylem loading.  A 
third possibility to explain reduced glyphosate translocation is evolution of a new or 
alteration of an existing transport pump on the chloroplast membrane, which excludes 
glyphosate from the chloroplast, the organelle where EPSPS is located.  Finally, a 
transport pump on the tonoplast may have evolved which could selectively move 
glyphosate into the vacuole and prevent phloem loading.   
Sequestration excludes an herbicide from the target site by binding the chemical 
within the vacuole.  Lasat et al. (1997) determined the mechanism of paraquat-resistance 
in barley grass (Hordeum glaucum) was vacuolar sequestration.  In the resistant biotype, 
7-fold more paraquat was retained in root cell vacuoles compared to the susceptible 
biotype.  Adenosine triphosphate (ATP)-binding cassette (ABC) transporters have been 
shown to conjugate and sequester herbicides within vacuoles, as well as, sequester 
secondary metabolites, translocate fatty acids and phospholipids, and transport 
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chlorophyll catabolites, auxins, and heavy metals to maintain cell homeostasis (Schulz & 
Kolukisaglu 2006; Yuan et al. 2007).   Yuan et al. (2007) found evidence that a transport 
pump may influence translocation when it was shown that an ATP ABC transporter in 
GR horseweed was induced by glyphosate, but not in the susceptible biotype.  
Additionally, Ge et al. (2010) used 
31
P NMR (phosphorus-31 nuclear magnetic 
resonance) to demonstrate vacuolar sequestration.  GR horseweed that exhibited 8- to 13-
fold resistance accumulated significantly more glyphosate in vacuoles compared to the 
susceptible.  Results indicate that glyphosate enters the cytoplasm of both resistant and 
susceptible biotypes at the same rate.  However, within the first 24 hours following 
application, glyphosate is rapidly sequestered into the vacuole in the resistant (> 85%) but 
not in the susceptible biotype (< 15%) (Ge et al. 2010).   
Differential Absorption.  Differential retention and absorption reduces the amount of 
glyphosate that moves across the cuticle and into the plant.  This is commonly mediated 
by an altered leaf angle of treated plants or increased thickness of cuticular waxes, and is 
often associated with glyphosate-tolerant species.  Two resistant biotypes have been 
shown to exhibit differential absorption.  Michitte et al. (2007) determined Italian 
ryegrass was resistant because glyphosate uptake was reduced by 40% compared to the 
susceptible biotype.  Nandula et al. (2012) also found that a resistant biotype of Palmer 
amaranth, with an RF of 14 to 17, absorbed only 29 to 35% of glyphosate applied 
compared to 50% for the susceptible biotype by 48 HAT.  Translocation of glyphosate 
was also altered; resistant biotypes translocated 56 to 67% of absorbed glyphosate out of 
the treated leaf while susceptible plants only translocated 46% of absorbed glyphosate.  
The majority of glyphosate in the resistant biotypes was translocated below the treated 
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leaf, while the susceptible biotype translocated the majority of glyphosate above the 
treated leaf, to the apical meristem (Nandula et al. 2012).     
Multiple Mechanisms.  In some species, herbicide resistant biotypes have evolved more 
than one mechanism of resistance.  Bostamam et al. (2012) identified two rigid ryegrass 
biotypes from southern Australia that exhibited 6- to 11-fold levels of glyphosate-
resistance by utilizing two mechanisms. Resistant biotypes translocated only 12-17% of 
glyphosate to the shoot compared to 26% in the susceptible, and also had an amino acid 
substitution from Pro106 to either Ser or Thr.  Yu et al. (2007) found that annual ryegrass 
(Lolium rigidum) from South Africa was resistant due to an amino acid substitution from 
Pro106 to Ala as well as reduced translocation.  This biotype was also resistant to 
paraquat and ACCase herbicides.  Nandula et al. (2013) stated that tall waterhemp 
[Amaranthus tuberculatus (Moq.) Sauer], with an RF of 5, was resistant due to reduced 
absorption and translocation, but also expressed an amino acid substitution from Pro106 
to Ser. GR common waterhemp biotypes from Missouri (RF 9 to19) and Illinois (RF 5) 
were shown to contain 4-fold additional copies of the EPSPS and a Pro106 to Ser 
mutation, respectively (Bell et al. 2009, 2013).  However, a second resistance mechanism 
is suspected in both the Missouri and Illinois biotypes because not all plants that 
contained increased EPSPS copies or the Pro106 to Ser mutation survived a 
discriminating dose of glyphosate (Bell et al. 2009, 2013). 
Summary of Mechanisms which may Confer Resistance in Missouri.  For GR weed 
species in Missouri, little research directly supports the underlying mechanism.  
However, resistance mechanisms determined for weed species in other states may exhibit 
the same mechanisms which have evolved in Missouri biotypes (Table 1.2).  To date, 
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Palmer amaranth has only been confirmed resistant due to an overexpression of the 
EPSPS enzyme or reduced absorption and altered translocation.  Resistance in common 
waterhemp has been attributed to altered absorption and translocation, target site 
mutation, or overexpression of EPSPS.  Horseweed has only been confirmed resistant due 
to altered translocation that may be the result of vacuolar sequestration.  The mechanism 
of resistance for common ragweed has not been identified; researchers have determined 
that one biotype was not resistant due to altered absorption, translocation, or an altered 
target site (Brewer and Oliver 2009).  Similarly, altered absorption and translocation does  
not confer glyphosate-resistance in giant ragweed (Norsworthy et al. 2011).  GR annual 
bluegrass in Tennessee may express an altered target site, but no genetic analyses were 
conducted.  
Table 1.2. Summary of glyphosate-resistance mechanisms and RF for six species with 
known GR populations in Missouri. 
Species State Mechanism RF Reference 
Amaranthus palmeri GA 
MS 
overexpression 
altered absorption & 
translocation 
12 
14-17 
Gaines et al. 2010 
Nandula et al. 2012 
Amaranthus rudis or 
tuberculatus 
MO 
MS 
 
IL 
overexpression + unknown 
Pro106 to Ser + altered 
absorption & translocation 
Pro 106 to Ser + unknown 
9-19 
5 
 
5 
Bell et al. 2009 
Nandula et al. 2013 
 
Bell et al. 2013 
Ambrosia trifida AR not absorption or 
translocation 
2.3-7.2 Norsworthy et al. 2011 
Ambrosia artemisiifolia MO 
AR 
unknown 
not absorption or 
translocation, or target site 
9.6 
10-21 
Pollard 2007 
Brewer and Oliver 2009 
Conyza Canadensis DE 
DE 
MS 
DE 
altered translocation 
altered translocation 
altered translocation 
vacuolar sequestration 
- 
- 
- 
8-13 
Feng et al. 2004 
Koger and Reddy 2005 
Koger and Reddy 2005 
Ge et al. 2010 
Poa annua MO 
TN 
unknown 
suspected target site 
5.2 
12 
Binkholder et al. 2011 
Brosnan et al. 2012 
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Mechanisms of Weed Tolerance 
Weed species have also adopted tolerance to glyphosate in response to 
environmental factors and herbicide exposure.  Westwood and Weller (1997) reported the 
mechanism of tolerance for biotypes of field bindweed identified by DeGennaro and 
Weller (1984a, 1984b).  The most tolerant biotype was approximately 4-fold more 
tolerant to glyphosate than the most susceptible biotype, and was shown to have greater 
3-deoxy-D-arabino-heptulosonate-7-phosphate synthase (DAHPS; the first enzyme in the 
shikimate pathway) activity and slower cellular uptake (Westwood and Weller 1997).  
Therefore, the biotype could maintain the metabolic ability and EPSPS activity for 
normal growth.  Pitted morningglory (Ipomoea lacunose L.) was reported glyphosate-
tolerant because only 6 to 16% of applied glyphosate was absorbed (Norsworthy et al. 
2001; Starke and Oliver 1998).  Similarly, Schultz and Burnside (1980) reported only 11 
to 12% of applied glyphosate was absorbed and translocated in hemp dogbane 
(Apocynum cannabinum L.).  Other species that exhibit glyphosate tolerance include: tall 
morningglory (Ipomoea purpurea L.); common lambsquarters (Chenopodium album L.); 
and exotic C4 grasses under elevated carbon dioxide including Eragostis curvula 
(Schrad.) Nees, Paspalum dilatum Poir, and Chloris gayana Kunth (Baucom and 
Mauricio 2004; Manea et al. 2011; Westhoven et al. 2008).   However, the mechanisms 
which confer tolerance have not been determined. 
 
Fitness Costs 
 Genetic changes in plants that foster adaptation to biotic and abiotic stress can 
exhibit negative effects on plant fitness, which is called the ‘cost of adaptation’ (Strauss 
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et al. 2002).  Alcocer-Ruthling et al. (1992) reported a 15% reduction in vegetative 
biomass of a biotype of ALS-resistant versus –susceptible prickly lettuce.  An ACCase-
resistant biotype of blackgrass (Alopecurus myosuroides) also displayed a reduction of 6, 
42, and 36% in height, vegetative, and reproductive biomass, respectively, compared to 
the susceptible biotype (Menchari et al. 2008).  Fitness costs associated with herbicide 
resistance may result from one of three causes outlined by Vila-Aiub et al. (2009).  First, 
enzyme mutations may interfere with normal plant function or metabolism.  Secondly, 
plants may differentially allocate carbon products between reproduction, growth, and 
defense mechanisms (herbicide resistance).  Lastly, fitness costs may be due to 
consequences of altered ecological interactions, such as a pleiotropic effect on 
susceptibility to plant pathogens (Salzmann et al. 2008).    
 Little research has been conducted to determine if fitness costs are associated with 
glyphosate-resistance or -tolerance.  Baucom and Mauricio (2004) reported a 35% 
reduction in seed production in glyphosate tolerant (GT) tall morningglory.  However, 
Westhoven et al. (2008) stated that a biotype of common lambsquarters with a 1.7- to 2.5-
fold increase in tolerance to glyphosate grew and initiated flowering quicker than the 
susceptible biotype, but there were no differences in seed production.  For glyphosate-
resistance, Salas et al. (2012) stated that enzyme mutations at conserved sites of EPSPS 
would likely result in a significant fitness cost.  To date, there has been no research 
published on the fitness associated with an altered EPSPS enzyme in resistant weed 
species.  However, research in genetic engineering of crops has demonstrated that many 
amino acid substitutions in the EPSPS enzyme may reduce the binding affinity of the 
substrate PEP.  Low affinity for the natural substrate will reduce carbon flow through the 
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shikimate pathway and result in a significant fitness penalty.  Conversely, research has 
shown little fitness penalty associated with resistance conferred by reduced translocation.  
Pedersen et al. (2007) reported a rigid ryegrass biotype resistant to glyphosate via 
reduced translocation, had no reduction in vegetative growth when compared to the 
susceptible biotype.  Shrestha et al. (2010) determined a GR horseweed biotype bolted, 
flowered, and set seed approximately 25 d earlier than a susceptible biotype.  
Additionally, resistant plants accumulated more dry matter than susceptible plants. 
 
Morphology 
 In susceptible plants, growth stops shortly after glyphosate application, followed 
by wilting or epinasty in some species.  Subsequently, new growth becomes chlorotic and 
necrotic; plant death occurs 7 to 14 days after application (Bradley et al. 2009).  It is also 
common to observe injury symptoms in resistant weed populations after glyphosate 
applications.  Identification of specific responses to glyphosate applications could aid in 
identification of resistance mechanisms or a better understanding of known mechanisms.  
However, little to no research describes the morphological response of resistant 
populations to glyphosate applications.  GR giant ragweed appears to isolate glyphosate 
within the plant, with mature leaves curling and showing necrosis within 18 hours of 
application; leaves fall off about 14 days later.  Following this, plants regenerate new 
leaves from the apical meristem (Adler 2011).  This may be the response of a resistant 
mechanism which accumulates glyphosate at lethal concentrations in designated tissue 
and then sheds the tissue to ensure survival.  This response may be similar to 
hypersensitive response observed in plant resistance to microbial pathogens.  A 
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hypersensitive response involves programmed cell death and is carried out by ion fluxes 
and reactive oxygen species which terminate plant cells to reduce pathogen translocation 
following infection (Heath 2000).     
 Survival of a resistant species after glyphosate application might also be mediated 
by a root response, although this has not been documented.  Most of the research to date 
has evaluated the root response in crop plants following direct contact with glyphosate.  
Pline et al. (2002a) stated that the lateral roots of GR and conventional cotton 
(Gossypium hirsutum L.) appeared shorter and were coated by a layer of necrotic cells or 
root exudate when grown in media with glyphosate.  Ronco et al. (2008) determined that 
total root length of pepper (Capsicum annuum L.) was decreased from 20 to 34% when 
grown in media containing 0.63 to 6.32 µM glyphosate.  Research with susceptible weed 
species has shown that the roots may be an important target for glyphosate inhibition.  Li 
et al. (2005) reported that susceptible waterhemp translocated 25 to 30% of glyphosate to 
the roots compared to 14 to 17% above the treated leaf by 74 HAT.  For resistant 
populations, it is possible that glyphosate may accumulate in meristematic tissue of roots 
and induce a hypersensitive response similar to that observed in giant ragweed leaves. 
 
Heritability 
 By definition, a functional mechanism of herbicide resistance must exhibit an 
underlying genetic basis to perpetuate resistance through progeny.  Resistance can spread 
by physical movement of plants or plant parts.  Natural facilitation by animals, wind, or 
water, as well as human assistance by tillage equipment and combines may physically 
move seed from one location to another.  Horseweed seed have a small achene and 
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pappus (2 to 3 mm), which aids in wind dispersal and reduces settlement velocity (Dauer 
et al. 2006).  Dauer et al. (2006) determined horseweed seed had a settlement velocity of 
0.323 m sec
-1
, which resulted in predicted dispersal distances of over 100 m at wind 
speeds of 8 to 16 km hr
-1
.  Russian thistle [Salsola iberica (Sennen and Paul)], which 
exhibits a circular shape similar to kochia (Kochia scoparia L.), dispersed up to 66% of 
seeds via wind, and entire plants move up to 4,069 m over a six week period (Stallings et 
al. 1995b).  Therefore, resistant seed production and dispersal can be extensive for both 
species.   
Recent field studies have demonstrated the frequency and distance of resistance 
transfer through cross-pollination.  Sosnoskie et al. (2012) reported that GR Palmer 
amaranth cross-pollinated with susceptible plants and resulted in 50 to 60% resistant 
progeny at distances of 1 and 5 m, and 20 to 40% resistant progeny at distances ranging 
from 50 to 300 m.  Liu et al. (2012) demonstrated that waterhemp pollen would remain 
viable for up to 5 days following release from the male plant and can pollinate receptive 
female plants over that period.  Also, pollen was observed to be dispersed up to 800 m by 
wind.  ALS-resistant kochia cross-pollinated with susceptible plants, resulting in 13.1 and 
1.4% resistant progeny at distances of 1.5 and 29 m, respectively (Stallings et al. 1995a).  
Weedy grass species can also transfer resistance through pollen.  Busi et al. (2008) 
reported 20% of progeny from susceptible rigid ryegrass were resistant to ALS herbicides 
due to cross-pollination with a resistant population; resistance was transferred up to 3,000 
m.  Shauck et al. (2011) demonstrated ACCase resistance in johnsongrass was transferred 
to susceptible plants at a frequency of 2% up to 64 m.    
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Genetic studies have revealed that resistance mechanisms are paternally inherited 
as a single dominant or semi-dominant trait.  Jasieniuk et al. (1996) stated that the 
majority of herbicide resistant traits were controlled by nuclear genes which are 
transmitted through pollen.  Fluazifop-P (ACCase) resistance in johnsongrass and 
resistance to auxinic herbicides in wild mustard [Brassica kaber (DC) L.C. Wheeler] 
have both been determined to be inherited as a single, dominant gene (Jugulam et al. 
2005; Smeda et al. 2000).   Volenberg et al. (2001) showed a 1:2:1 (resistant: 
intermediate:susceptible) ratio of segregation for ALS resistant giant foxtail (Setaria 
faberi Herrm.), which indicates resistance was inherited as a single, nuclear, semi-
dominant allele.  Similarly for glyphosate, resistance in goosegrass and horseweed is 
inherited as a semi-dominant trait with a single-locus gene located in the nuclear genome 
(Ng et al. 2004; Zelaya et al. 2004).   Simarmata et al. (2005) also determined glyphosate 
resistance in rigid ryegrass was inherited as a nuclear and semi-dominant trait.  However, 
the trait was multi-genic and pollen-transmitted with no indication of maternal 
inheritance.  Glyphosate-resistance can also be inherited as a completely dominant trait.  
Rigid ryegrass exhibits resistance to glyphosate via reduced translocation of herbicide; 
resistance is transferred as a single, dominant trait (Wakelin and Preston 2006).  
Additionally, Preston et al. (2009) stated that both altered target enzyme and reduced 
translocation in GR ryegrass species are inherited as single gene traits that are largely 
dominant.  Therefore, resistant alleles could be transferred both maternally and 
paternally.  
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Pollen 
Pollen is the male gametophyte that delivers sperm cells to the ovary.  A pollen 
grain is a simple organism typically comprised of two gamete cells and a larger 
vegetative cell.  A pollen grain is formed from a diploid sporophytic cell which divides to 
create a sporogenous initial (mother cell) (Figure 1.3).  Meiosis then creates a tetrad of 
haploid cells which become free uninucleate microspores.  Asymmetric mitotic division 
results in a generative cell enclosed entirely within the large vegetative cell.  As the 
pollen grain matures in the anther, it will dehydrate to a total water content less than 10%, 
which slows metabolism and activates defense mechanisms (Franchi et al. 2002).  
 
 
 
Figure 1.3. Microsporogenesis. http://lbp.ueb.cas.cz/field_res.htm. 
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Dehydration is necessary to ensure survival of the pollen grain when released because it 
serves as a form of dormancy to resist stresses when exposed to the environment (Pacini 
2000).  However, pollen of some species such as common ragweed will retain 90% of the 
original water content (Payne 1981). Variation in water content may be related to the 
number of nuclei present in the pollen grain at dehiscence.  Pollen are classified as 
binucleate or trinucleate based on the number of nuclei present when released from the 
anther.  Binucleate pollen has one generative cell and one vegetative cell, while 
trinucleate pollen has two generative cells and one vegetative cell (Brewbaker 1957).  
Vegetative cells in both pollen types perform the same function; namely formation of the 
pollen tube that delivers the male gamete to the ovary.  However, the generative cells 
differ in their role.   The single generative cell in binucleate pollen will complete mitosis 
to form the two male gametes (haploid) during growth of the pollen tube, while the 
trinucleate generative cells (male gametes) complete mitosis before dehiscence 
(Brewbaker 1957).  Hoekstra and Bruinsma (1975) demonstrated that trinucleate pollen 
respired at a rate 2- to 3-fold higher than binucleate pollen, resulting in shorter viability.  
Brewbaker (1967) summarized cytology studies of angiosperm pollen from 2,000 species 
and concluded that 70% released pollen in the binucleate stage.  While the timing of 
mitosis can affect the longevity of a pollen grain, the germination and growth of the 
pollen tube is carried out similarly by vegetative cells for both classifications.  
After landing on the stigma of the female flower, the pollen grain germinates and 
a rapidly-growing cytoplasmic extension called the pollen tube extends through the pistil 
(Becker and Feijo 2007).  Once on the stigma, the first step in this process is rehydration 
of the pollen grain which is a strictly controlled process that involves reorganizing the 
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plasma membrane (Taylor and Hepler 1997).  This process results in transport of water, 
nutrients, and other small molecules into the pollen grain from the stigma exudate from 
wet stigmas or from stigma papillae in the case of dry stigmas (Edlund et al. 2004).  
Following re-hydration, metabolism is activated and stored RNA, proteins, and bioactive 
small molecules initiate germination (Taylor and Hepler 1997).  In most pollen grains, 
the proteins required for germination have already been synthesized during formation of 
pollen grains, but directly after tube growth begins, new protein synthesis is required 
(Mascarenhas 1993).  Successful pollen grains have pollen tubes that penetrate the stigma 
and grow through the transmitting tract of the pistil to the embryo sac.  Upon penetrating 
the embryo sac, the pollen tube will deposit the two gamete cells which will then fuse 
with the egg and central cell to form the zygote and endosperm (Figure 1.4) (Boavida and 
McCormick 2007; Taylor and Hepler 1997).  Many scientists study the physiology and 
molecular biology of pollen tube germination because it exhibits the most rapid growth of 
any plant cell known (Gass et al. 2005).  However, direct observation of this process is 
difficult.  
                
           
In vitro germination of pollen is difficult because the interaction of the pollen 
grain and stigma is complex.  Precise biochemical signals on the stigma surface will 
Figure 1.4. Zygote and endosperm formation. http://vitae-scientia.tumblr.com/ 
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result in either stimulation or inhibition of pollen germination and growth.  Proper stigma 
recognition of the pollen grain is necessary to ensure the survival of different plant 
species.  Therefore, the signals controlling pollen grain response are highly specialized 
for many plant species.  However, researchers have developed protocols for in vitro 
germination for some species.  Bodhipadma et al. (2010) reported 27% germination of 
common cockscomb (Celosia argentea var. cristata) pollen when using an agar medium 
(0.8% w/v) consisting of 0.1 mM boric acid, 1 mM calcium chloride, and 20% w/v 
sucrose with the pH adjusted to 5.7.  Burke et al. (2007b) measured 79% germination of 
johnsongrass pollen when using a suspension culture of 0.3 M sucrose, 2.4 mM boric 
acid, and 3mM calcium nitrate.  Lansac et al. (1994) reported 70% germination of grain 
sorghum [Sorghum bicolor (L.) Moench] pollen using a suspension culture with 
manganese sulfate, calcium nitrate, sucrose, and polyethylene glycol.  Boavida and 
McCormick (2007) found 80% germination of Arabidopsis thaliana pollen on agar media 
(1.5% w/v) with 0.01% boric acid, 5 mM calcium chloride, 5 mM potassium chloride, 1 
mM manganese sulfate, and 10% w/v sucrose with pH adjusted to 7.5.  While media 
differs in concentrations and certain micronutrients, researchers have discovered that 
pollen germination commonly requires boron, calcium, and sucrose.  Sucrose is 
commonly used as an osmoticum to equilibrate water content and re-hydrate cells at 
controlled rates to prevent bursting.  Calcium (Ca
2+
) appears to be a required ion in the 
growth of the tip of the pollen tube; research has shown large concentration gradients, 
with ≥ 3 μM at the apex of the tip and ≤ 0.2 μM within 20 μm of the pollen tube tip 
(Taylor and Hepler 1997).  Boron has been shown to be an important element for in vitro 
germination and is thought to influence a proton pump that initiates germination 
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(Obermeyer et al. 1996).  Wang et al. (2003) also reported that boron influenced the 
accumulation and deposition of callose and acidic pectin in the walls of pollen tubes. 
In addition to the media components, environmental factors also play an 
important role in pollen tube germination.  Temperature, relative humidity, and pH 
commonly effect pollen germination.  Boavida and McCormick (2007) found that 
Arabidopsis thaliana germinated optimally (80%) at 22 C, but temperatures below 20 C 
or higher than 24 C reduced germination to less than 50%.  Lansac et al. (1994) 
determined that sorghum pollen had to be collected at 75 to 85% relative humidity to 
promote germination.  High humidity likely reduces further water loss of the dehydrated 
pollen grain.  Research has also shown that pH impacts pollen grain germination.  
Common cockscomb required a media pH of 5.7 and Arabidopsis thaliana required a pH 
of 7.5 for optimal germination (Boavida and McCormick 2007; Bodhipadma et al. 2010).  
The pH may play an important role in an efflux of protons to create a gradient of 
acidification to promote germination and growth (Boavida and McCormick 2007).  
Another environmental factor that may influence germination is called the 
population effect.  In vitro, this refers to a scenario where small populations of pollen 
germinate at low percentages and grow poorly.  However, under the same conditions at 
higher populations, pollen will germinate and grow at high percentages (Boavida and 
McCormick 2007; Brewbaker and Kwack 1963; Chen et al. 2000; Lansac et al. 1994).  
The population effect suggests that compounds may be released from pollen grains to 
stimulate germination of surrounding pollen grains.  Chen et al. (2000) stated that a small 
peptide, phytosulfokine, is released from Nicotiana tabacum L. var. macrophylla pollen 
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grains to promote germination.  Brewbaker and Kwack (1963) stated that the population 
effect could be overcome by adjusting the concentration of calcium ions. 
Expression of Resistance.  Pollen contain genetic material necessary for plant 
development.  However, the primary objective of the pollen grain is to transport the 
genetic material; therefore, only those genes that are needed for germination and pollen 
tube formation are expressed.  The genes that are expressed in pollen are not fully 
understood; however, recent advances have expanded the genes with known expression 
in Arabidopsis thaliana pollen to nearly 8,000 (Becker and Feijo 2007).  If a gene that 
plays a role in herbicide resistance is expressed in the plant and the pollen tube, then 
pollen tube growth in the presence of the herbicide may also express resistance.   
Little research has been conducted to determine the expression of herbicide 
resistance in pollen.  To date, only target site resistant mechanisms have demonstrated 
expression in pollen.  Burke et al. (2007a) determined ACCase target site resistance was 
expressed in johnsongrass pollen.  Resistant johnsongrass germinated at a rate of ≥ 80% 
in clethodim concentrations ranging from 0 to 100 μM, while the susceptible was reduced 
to 50% at 16.4 to 25.8 μM (Burke et al. 2007a).  Richter and Powles (1993) found that 
target site resistance to ACCase and ALS inhibitors was expressed in annual ryegrass 
pollen.  Furthermore, a biotype with cross resistance to ACCase and ALS herbicides 
conferred by non-target site mechanisms was not distinguishable using the same pollen 
bioassay (Richter and Powles 1993).  To date, no research has been conducted to 
determine expression of glyphosate resistance in pollen.  However, Pline et al. (2002b) 
stated that glyphosate treatments to GR cotton significantly reduced pollen viability as 
well as seed set per boll. 
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Justification 
As stated previously, no research has been conducted to determine glyphosate 
resistance expression in pollen.  Expression of glyphosate resistance in pollen tube 
formation may serve as a bioassay to identify resistant populations.  This bioassay would 
be rapid and allow time to use alternative means to control plants prior to production of 
viable seed.  Regardless of glyphosate resistance expression, development of pollen 
germination assays for species with known resistance would allow investigation into 
methods to reduce pollen viability of resistant plants.  However, pollen germination 
assays have not been developed for GR weed species in Missouri.   
There are no reports of EPSPS expression in pollen of any plant species.  Target 
site based mechanisms of resistance, which are likely the only mechanisms expressed in 
pollen, have not been identified in Missouri populations of common waterhemp, Palmer 
amaranth, common ragweed, or giant ragweed.  Additionally, the mechanism(s) of 
resistance has not been identified in any biotypes of common or giant ragweed.  It is 
important to identify the expression of EPSPS as well as target site based mechanisms of 
resistance to determine whether a pollen assay may be a valid method to identify 
resistance. 
 Mechanisms of glyphosate resistance in weed biotypes have been researched 
extensively; however, biotypes with altered translocation or sequestration as a resistance 
mechanism are not fully understood.  Specifically, restricted movement of glyphosate and 
tissue death followed by generation of new growth requires further investigation.  A 
unique observation of root growth in a GR common waterhemp biotype in Missouri 
suggests that the root system may play a vital role in expression of resistance.  Within 14 
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days after treatment with glyphosate, the primary root system appears necrotic and 
axillary roots are initiated near the soil surface.  Resistance may be mediated by a 
reduction in glyphosate translocation to the roots or by a novel mechanism involving 
partitioning of glyphosate in specific root structures and initiation of axillary roots.   
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Chapter II 
In Vitro Pollen Tube Growth of Glyphosate-Resistant and -Susceptible Amaranthus 
in Response to Glyphosate  
 
Tye C. Shauck and Reid J. Smeda
*
 
 
Abstract.  Pollen germination in vitro is rapid and can be an effective technique to assess 
plants for expression of herbicide-resistance.  A number of glyphosate-resistant (GR) 
common waterhemp (Amaranthus rudis Sauer) and Palmer amaranth (Amaranthus 
palmeri S. Wats.) populations are problematic throughout the US and current methods to 
identify resistant populations involve seed or seedling assays.  The objectives of this 
research were to develop an in vitro pollen germination assay for common waterhemp 
and Palmer amaranth and assess the response to glyphosate in pollen of GR and 
glyphosate-susceptible (GS) common waterhemp and Palmer amaranth.  GR in both 
Amaranthus species was not due to target-site mutations.  Pollen germination media 
(PGM) containing sucrose, boric acid, calcium chloride, and agarose in deionized water 
buffered to a pH of 5.5 and at an incubation temperature of 32 C resulted in 25 to 30% 
pollen germination with pollen tube lengths of 80 to 200 μm for both species.  Addition 
of glyphosate resulted in a similar response by GR and GS common waterhemp, with a 7 
to 93% reduction of pollen tube length at concentrations from 0.0005 to 30 mM.  Pollen 
tube growth in Palmer amaranth was more variable and somewhat insensitive to 
glyphosate, with ≤ 55% growth reduction for both GS and GR biotypes.  Although 
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discrimination in pollen tube growth to glyphosate occurred in as little as 30 min after 
exposure, this rapid assay did not differentiate GR and GS Amaranthus.   
Nomenclature: glyphosate; common waterhemp, Amaranthus rudis Sauer; Palmer 
amaranth, Amaranthus palmeri S. Wats. 
Key Words: common waterhemp, EPSP synthase, Palmer amaranth, pollen germination, 
rapid assay. 
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Introduction 
 Common waterhemp (Amaranthus rudis Sauer) and Palmer amaranth 
(Amaranthus palmeri S. Wats.) are problematic weeds in annual cropping systems 
throughout the Midwest and Southern US.  One of the most important factors 
contributing to the spread of infestations is the selection of populations resistant to 
herbicides such as acetolactate synthase (ALS) inhibitors (Tranel and Wright 2002), 
protoporphyrinogen oxidase (PPO) inhibitors (Li et al. 2004), and most recently 
glyphosate (Culpepper et al. 2006; Legleiter & Bradley 2008; Patzoldt et al. 2005).  The 
first reported cases of glyphosate-resistant (GR) common waterhemp and Palmer 
amaranth  occurred in Missouri and Georgia, respectively in 2005 (Heap 2014).  By 
2014, GR Amaranthus biotypes were reported in 31 states, respectively, due to selection 
of new GR biotypes and the spread of existing GR biotypes (Heap 2014).  Recently, 
common waterhemp populations exhibiting resistance to multiple herbicide modes of 
action have been identified (Legleiter & Bradley 2008; Patzoldt et al. 2005). 
Heritability of glyphosate resistance can be conferred as a single or multi-genic, 
nuclear trait (Ng et al. 2004; Simarmata et al. 2005; Wakelin and Preston 2006; Zelaya et 
al. 2004).  Preston et al. (2009) reported that GR in Lolium is based on an altered target-
site enzyme or reduced translocation, and both mechanisms are inherited as single gene 
dominant traits.  GR Palmer amaranth overexpresses EPSPS, which appears inherited 
through multiple nuclear genes (Chandi et al. 2012; Mohseni-Moghadam et al. 2013).
 
 Transmission of glyphosate resistance is mediated by seed spread, but also by 
pollen (Preston et al. 2009; VanGessel 2001).  Common waterhemp and Palmer amaranth 
are dioecious; obligate outcrossing contributes to high genetic diversity and efficient 
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spread of GR traits (Liu et al. 2012; Sosnoskie et al. 2012).  Common waterhemp pollen 
remains viable up to 5 days following release from the male plant and can be dispersed 
by wind up to 800 m (Liu et al. 2012).  From a GR Palmer amaranth population, 
resistance was transferred to GS female plants up to 5 m away, with resultant progeny 
exhibiting 50 to 60% resistance; at distances of 100 to 300 m, 20 to 34% resistant 
progeny from GS female plants were identified (Sosnoskie et al. 2012).   
 Pollen delivers the male gametes to the ovary for fertilization.  To accomplish 
this, pollen lands on a receptive stigma which triggers complex biochemical signaling 
and stimulates the vegetative nuclei of the pollen to germinate (Becker and Feijo 2007).  
This results in a rapidly-growing pollen tube which grows through the transmitting tract 
of the pistil.  Fewer genes are needed for growth in the gametophytic phase (haploid, 
sexual phase) than in the sporophytic phase (diploid, asexual phase), but a number of 
genes are expressed in both phases (Pedersen et al. 1987; Sari Gorla et al. 1986; Tanksley 
et al. 1981).  Up to 4,172 expressed protein-coding genes have been identified in mature 
Arabidopsis pollen, suggesting translation and amino acid synthesis (Loraine et al. 2013).  
It appears that the ALS and acetyl-CoA carboxylase (ACCase) enzymes, which 
are the target-sites for ALS and ACCase inhibiting herbicides, respectively, are also 
expressed during pollen tube germination.  Target-site resistance to ALS and ACCase 
inhibitors has been demonstrated using pollen from resistant annual ryegrass (Lolium 
rigidum Gaud.) (Richter and Powles 1993), blackgrass (Alopecurus myosuroides Huds.) 
(Letouze and Gasquez 2000), and johnsongrass (Sorghum halepense L. Pers.) (Burke et 
al. 2007a).  An in vitro pollen assay revealed pollen germination from herbicide 
susceptible plants were inhibited significantly in the presence of ALS or ACCase 
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inhibiting herbicides, while pollen from resistant plants maintained germinability, 
allowing a discriminating dose to identify pollen from resistant plants.   Additionally, 
pollen from plants with cross-resistance to ALS and ACCase inhibiting herbicides 
conferred by nontarget-site mechanisms were inhibited in germination similar to pollen 
from susceptible plants in the same pollen bioassay (Richter and Powles 1993).   
 Identification of the response of a plant to an herbicide based upon germination of 
pollen is likely dependent upon the nuclear state at anthesis.  Pollen is shed containing 
two (binucleate) or three nuclei (trinucleate).  Binucleate pollen contains both a 
vegetative and generative nucleus that undergoes mitosis after initiating pollen tube 
growth, resulting in two gamete cells.  Trinucleate pollen undergoes mitosis of the 
generative nucleus prior to anthesis and generally loses viability quickly because 
respiration rates are 2- to 3-fold higher than that of binucleate pollen (Hoekstra and 
Bruinsma 1975).  Trinucleate pollen germination and tube growth is primarily 
heterotrophic; whereas binucleate pollen exhibits biphasic pollen tube growth 
(Stephenson et al. 2003).  The first phase of binucleate pollen germination is autotrophic 
followed by mitosis of the generative nuclei and subsequently heterotrophic pollen tube 
growth (Stephenson et al. 2003).  Previous research has distinguished the response of 
herbicide-resistant and -susceptible pollen based upon pollen germination in the presence 
of the herbicide (Burke et al. 2007a; Letouze and Gasquez 2000; Richter and Powles 
1993).  In these studies, species of the Poaceae family, which generally shed pollen in the 
trinucleate state, were evaluated (Brewbaker 1967).  It is unclear if pollen of Amaranthus 
species is shed in the binucleate or trinucleate state.   
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 Successful development of an in vitro germination assay for pollen requires the 
proper signaling and environmental factors to stimulate pollen germination and sustain 
growth.  In nature, complex biochemical signaling between the stigma and pollen results 
in an influx of water, nutrients, and other small molecules into the pollen grain which 
activates metabolism, stored RNA, proteins, and bioactive small molecules to initiate 
pollen tube germination (Taylor and Hepler 1997).  Upon reaching the ovary, the pollen 
tube will deposit two gamete cells within the embryo sac for fertilization.  This process is 
highly specialized within plant species to discourage fertilization of an embryo by the 
male gametes from another species.  Some common compounds used for successful in 
vitro pollen germination include calcium, boric acid, and an osmoticum such as sucrose 
or polyethylene glycol.  Calcium (Ca
2+
) appears to be a required ion in the growth of the 
tip of the pollen tube; research has shown large intracellular concentration gradients, with 
≥ 3 μM at the apex of the tip and ≤ 0.2 μM within 20 μm from the pollen tube tip (Taylor 
and Hepler 1997).  Boron is also important for in vitro germination and is thought to 
influence a proton pump that initiates germination (Obermeyer et al. 1996).  Boron 
influences the accumulation and deposition of callose and acidic pectin in the walls of 
pollen tubes (Wang et al. 2003).  Sucrose is used to equilibrate water content and re-
hydrate cells at controlled rates to prevent bursting.  Other compounds, such as calcium 
nitrate, calcium chloride, potassium nitrate, magnesium sulfate, and manganese sulfate 
have also been shown to be important for pollen germination of specific species 
(Bodhipadma et al. 2010; Brewbaker and Kwack 1963; Burke et al. 2007b; Lansac et al. 
1994). 
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Environmental conditions, such as humidity, can also influence pollen 
germination.  Hoekstra and Bruinsma (1975) stated that Poaceae pollen lost viability 
quickly when exposed to a low relative humidity (50 to 60%).  Lansac et al. (1994) 
demonstrated that in vitro pollen germination of sorghum (Sorghum bicolor L. Moench) 
dropped from 70 to 0% when collected at 80 and 50% relative humidity, respectively.  
Low humidity at anthesis may result in dehydrated pollen; upon imbibition, damage to 
membranes may preclude germination (Crowe et al. 1989).   
The enzyme 5-enol-pyruvyl-shikimate-3-phosphate synthase (EPSPS), the target 
site of glyphosate, is expressed in pollen of common waterhemp, Palmer amaranth, 
common ragweed (Ambrosia artemisiifolia L.), and giant ragweed (Ambrosia trifida L.) 
(Shauck 2014).  However to date, there have been no reports of glyphosate resistance 
expressed in pollen in vitro.  The objectives of this research were to develop an in vitro 
pollen germination assay for common waterhemp and Palmer amaranth and to determine 
if discrimination to the response to glyphosate could be identified in the pollen of GR and 
GS biotypes of common waterhemp and Palmer amaranth.   
 
Materials and Methods 
Plant Material.  Common waterhemp seed was collected from a GS population at the 
Bradford Research and Extension Center (38.89°N, 92.21°W) near Columbia, MO in 
2009.  In 2010, seed from a reported GR common waterhemp population was collected 
from a producer’s field near Millersburg, MO (38.95°N, 92.07°W).  GS Palmer amaranth 
seed was purchased from a seed company in Mississippi (Azlin Seed Service, Leland, 
MS) in 2011.  GR Palmer amaranth seed was collected in 2010 at the Fisher Delta 
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Research Center (36.39°N, 89.61°W) near Portageville, MO.  Sensitivity (GS and GR) to 
glyphosate in each population was confirmed by screening 20 plants (10 cm tall) from 
each population in the greenhouse with a discriminating dose (1.68 kg ae ha
-1
) of 
glyphosate (potassium salt, Roundup WeatherMAX®, Monsanto Company, St. Louis, 
MO 63167).  Two weeks after application, 100% mortality was observed in GS 
populations and ≥ 80% survival was observed in GR populations (data not shown).    
 Seedlings from all populations were established in 25 by 50 cm polypropylene 
flats containing a 1:1 mixture of commercial potting mix (Pro-mix BT, Hummert 
International, 4500 Earth City Expressway, Earth City, MO 63045) and Mexico silt loam 
soil (fine, smectitic, mesic Vertic Epiaqualfs) with 1% organic matter and pH 5.9.  At 5 
cm, seedlings were transplanted into 15 cm diameter pots containing the same potting 
mix.  All plants were grown in a greenhouse at 25 to 30 C, with lighting supplemented 
using metal halide lamps to result in an average photosynthetic photon flux density of 
500 μmol photons m-2 s-1; day length was 13 hr.  Plants were watered as needed and 
fertilized weekly with 20-20-20 (N-P-K: Jack’s Classic®, JR Peters Inc. 6656 Grant 
Way, Allentown, PA 18106).  When plants from reported GR populations reached 10 cm 
in height, 1.68 kg ae ha
-1
 glyphosate was applied.  Glyphosate solution was prepared in 
de-ionized water and applied with a pneumatic sprayer equipped with a 8001E (TeeJet 
Spraying Systems Co. World Headquarters, P.O. Box 7900, Wheaton, IL, 60187-7900) 
nozzle spray tip, calibrated to deliver 140 L ha
-1
 at 167 kPa.  Molecular studies revealed 
that the mechanism of glyphosate-resistance was not an altered EPSPS (Shauck 2014).  
The GR common waterhemp population also did not overexpress EPSPS and it is 
suspected that the resistance mechanism is altered absorption and/or translocation (data 
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not shown).  However, GR Palmer amaranth overexpressed EPSPS, with 71- to 282-fold 
additional genomic EPSPS copies (data not shown), similar to other GR Palmer amaranth 
biotypes which overexpress EPSPS (5- to 160-fold additional genomic copies) (Gaines et 
al. 2010; Mohseni-Moghadam et al. 2103).  Plants from all populations were segregated 
(different greenhouses) and maintained to flowering.  Pollen was collected from male 
plants under greenhouse conditions in the morning between 8:00 and 10:00 am by 
vacuum filtration.  A polyvinyl chloride (PVC) pipe was constructed with a series of 
three filters including: cheese cloth with >1000 µm apertures, wire mesh with 50 µm 
apertures, and filter paper with < 10 µm apertures.  The first two filters collected large 
plant material and allowed pollen to pass through, while the last filter collected pollen.  
Filters were attached to a vacuum hose and pollen was removed directly from male 
flowers during pollen shed.  Pollen was used immediately or stored dry in micro 
centrifuge tubes at -80 C. 
Pollen Viability.  Pollen viability was assessed by staining to determine what percentage 
of collected pollen could germinate in vitro.  The Alexander’s staining method, which 
differentially stains pollen across many plant species, was used to estimate viability 
(Alexander 1969, 1980).  Malachite green stains cellulose in the walls of pollen green to 
blue, and acid fuchsin stains the pollen protoplasm red to purple (Alexander 1969).  This 
differential staining can distinguish early aborted pollen grains which do not develop 
protoplasm from fully developed pollen grains (Barrow 1983).     
 Pollen was removed from 10 plants of the GS common waterhemp and GS 
Palmer amaranth populations and viability assessed within one hour of collection.  
Approximately 5 mg of pollen was placed on a microscope slide labeled with 5 black 
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dots arranged in a circle (Figure 2.1).  Approximately 10 μL of Alexander’s stain (Table 
2.1) was added to the pollen and allowed to incubate for 30 minutes at room temperature.  
Pollen was assessed visually by classifying 100 pollen grains as viable (completely 
stained dark red to purple) or nonviable (green to blue or partially stained dark red to 
purple) (Figure 2.2).  The 100 hundred pollen grains were selected as the 20 pollen grains 
closest to the center of each black dot.  
Pollen Germination.  Previous research has reported successful in vitro germination of 
pollen using either liquid or agarose based culture techniques (Burke et al. 2007b).  In 
vitro pollen germination media (PGM) from a number of published reports were tested 
initially in liquid culture to assess germination of common waterhemp and Palmer 
amaranth pollen (Bodhipadma et al. 2010; Brewbaker and Kwack 1963; Burke et al. 
2007b; Lansac et al. 1994).  From this initial test, a few common waterhemp and Palmer 
amaranth pollen grains germinated using the media originally used to germinate common 
cockscomb (Celosia argentea var. cristata) (Bodhipadma et al. 2010), which is also in 
the Amaranthaceae family.  The PGM consisted of deionized water with 20% wt v
-1
 
sucrose, 0.1 mM boric acid, and 1 mM calcium chloride.  The addition of agarose, at 
0.8% wt vol
-1
 increased germination of both common waterhemp and Palmer amaranth 
pollen; however germination was still quite low (< 5%; data not shown).  Therefore, 
further optimization of pollen germination involved modification of both environmental 
conditions and the concentration of PGM components. 
 To process pollen and estimate germination, agarose at 0.8% wt v
-1
 was dissolved 
in 20 mL of PGM, allowed to solidify in a 100 mm diameter petri dish, and stored in the 
dark at 4.5 C.  Microscope slides were sectioned into 5, 1 by 2 cm rectangles with 5 black 
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dots within each rectangle, using a black permanent marker (Figure 2.1).  The solidified 
PGM was then excised into rectangles of the same size and placed on a glass microscope 
slide.  Approximately 2 mg of pollen was applied to the PGM using a fine tipped soft 
paint brush.  Microscope slides were then placed on top of a test tube rack in a water bath 
for 3 hour incubation, with the water level equal to the top of the rack.  The water bath 
was covered to create a high humidity environment.  After incubation, pollen was stained 
for 10 min with 10 µL of 1% wt v
-1
 toluidine blue in deionized water and evaluated for 
pollen germination.  A pollen grain was considered germinated if the pollen tube was at 
least as long as half the diameter of the pollen grain (Figure 2.1).  One hundred pollen 
grains were assessed for germination for each PGM treatment.  A center point 
microscope reticle was used to select a field of view by focusing on the center of each 
black dot, the microscope was then re-focused to the field of pollen and the 20 closest 
pollen grains to the center point of the reticle were assessed for germination (Figure 2.1). 
 Environmental conditions including humidity at pollen shed, pH of PGM, pollen 
incubation temperatures as well as storage conditions of pollen were examined to 
optimize pollen germination on PGM.  Prior to anthesis, plants were placed in a plastic 
enclosure in the greenhouse (resulted in 80 to 95% [high] humidity) or in a growth 
chamber with 60 to 70% [low] humidity.  To determine if pollen could be collected in 
bulk and used in germination assays at a later date, germination was tested for freshly 
collected pollen versus pollen that had been stored at -80 C.  The pH of the PGM was 
adjusted to 4.5, 5.5, 6.5, 7.5, or 8.5 using 1 N hydrochloric acid or 8 N potassium 
hydroxide.  Following pollen placement on PGM, incubation temperature was adjusted to 
20, 25, 28, 32, 38, or 42 C for 3 hour incubation.  Plant environment, pollen storage 
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method, pH of PGM, and incubation temperature variables that optimized germination of 
pollen were used during experiments that examined different concentrations of the PGM 
components.  Variables of the PGM components included: sucrose at a concentration of 
20 or 30% wt v
-1
; boric acid at 0.1 or 0.5 mM; and calcium chloride at 1 or 1.5 mM.  For 
evaluating environmental conditions and PGM components, plants were considered 
replications and pollen germination was assessed for 10 and 4 plants, respectively, from 
both GS common waterhemp and GS Palmer amaranth populations.  
Glyphosate Assay.  Four plants from each population were cloned using stem cuttings to 
generate 24 isogenic plantlets.  To accomplish this, stems of plants reaching 30 to 60 cm 
in height were cut into equal sections containing three nodes.  The rooting hormone, 1-
Naphthaleneacetamide (NAA, synthetic auxin; Rootone, Bayer CropScience, Research 
Triangle Park, NC 27709) was applied to the lowest node of each stem cutting and plant 
sections placed in vermiculite for rooting.  This process was repeated until 24 isogenic 
plantlets were generated.  Generating multiple plantlets allowed for bulk pollen collection 
for individual plants.  Before cloning, plants from GR populations were treated with 1.68 
kg ae ha
-1
 glyphosate as described above to confirm resistant plants were used.  All plants 
were grown under greenhouse conditions and pollen was collected as described above.  
Pollen from each of four individual plants from each population was considered a 
replication in pollen germination assays.  
 After selection of optimal environmental and PGM conditions to stimulate pollen 
germination, pollen was challenged with different rates of glyphosate to assess expression 
of resistance.  Optimal PGM for common waterhemp consisted of 20% wt v
-1
 sucrose, 
0.1 mM boric acid, and 1 mM calcium chloride.  The optimal PGM for Palmer amaranth 
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consisted of 30% wt v
-1
 sucrose, 0.5 mM boric acid, and 1.5 mM calcium chloride.  For 
both PGM’s, MES (2-[N-morpholino]ethanesulfonic acid) buffer adjusted to a pH of 5.5 
and 0.8% wt v
-1
 agarose was incorporated to produce a semi-solid surface for pollen 
germination.  Prior to dissolving agarose, glyphosate (technical grade as the 
isopropylamine salt; no surfactant present; Monsanto) was incorporated into the PGM at 
concentrations of 0, 0.0005, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 20, and 30 mM.  Pollen 
was applied to the PGM and incubated in a water bath for 3 hours at 32 C as described 
above.  Directly after incubation, pollen was stained with toluidine blue and stored at 4.5 
C to terminate pollen tube growth.  There were no significant differences in percent 
pollen germination due to glyphosate treatment compared to the untreated pollen for all 
populations (data not shown), indicating an initial autotrophic period during germination 
and likely binucleate state.  Therefore, pollen tube length was evaluated rather than 
germination.  A microscope reticle was used to measure the length of 10 pollen tubes for 
each glyphosate treatment in PGM.   
 Statistical Analysis.  For pollen germination, experimental design was completely 
randomized with a factorial arrangement of treatments; 10 or 4 replications (plants) were 
used for determining optimal environmental conditions and PGM component 
concentrations, respectively and experiments were conducted twice.  Percent pollen 
germination was adjusted by dividing mean values by the average percent maturity for 
common waterhemp (93.3%) and Palmer amaranth (94.9%).  Prior to statistical analysis, 
the square roots of decimal proportions for percent germination were arcsin transformed.  
For clarity, data are presented as adjusted percent germination.  A MIXED procedure in 
SAS (statistical software version 9.2, SAS Institute, Inc., 100 SAS Campus Drive, Cary, 
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NC 27513) was used to determine effects on percent pollen germination with 
experimental run considered a random factor.  For experiments testing optimal 
environmental conditions, humidity at pollen shed, storage of pollen, and experimental 
run were not significant factors.  Therefore, data were pooled and the main effects and 
interactions of PGM pH and incubation temperature were evaluated.  For experiments 
testing different concentrations of PGM components, both factorial interactions and 
experimental run were not significant factors.  Therefore, data were pooled and main 
effects presented.  Mean differences were determined using Fisher’s Protected LSD at P 
= 0.05.  
 For glyphosate assays, the experimental design was completely randomized with 
4 replications (plants) and the experiment was conducted twice.  In SAS, a MIXED 
procedure was used to determine the main and interaction effects of glyphosate treatment 
and experimental run.  There was not a significant effect due to experimental run; 
therefore, data were combined.  Non-linear regression parameters were predicted using 
the non-linear regression procedure in SAS based on a log-logistic model described by 
Seefeldt et al. (1995):   
 [1]       
   
                          
 
Where y is the predicted response, c is the lower limit, d is the upper limit, b is the slope 
of the regression line, I50 is the glyphosate concentration predicted to reduce pollen tube 
length by 50%, and x is the glyphosate concentration. 
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Results and Discussion 
Pollen Viability.  Pollen from common waterhemp and Palmer amaranth used for the in 
vitro assay and dose response experiments exhibited high viability (Table 2.2).  For 
common waterhemp, viability ranged from 89 to 96% and averaged 93.3%.  For Palmer 
amaranth, viability ranged from 90 to 98% and averaged 94.9%.  The association with 
staining by Alexander’s stain indicates the majority of pollen contained fully developed 
protoplasm (Barrow 1983).  The Alexander’s staining method is a reportedly reliable 
method to score pollen viability (Johnson-Brousseau and McCormick 2004).  However, 
this method distinguishes viability of pollen solely on the presence of protoplasm; 
therefore, measurement of pollen viability may not reflect germinability (Kearns and 
Inouye 1993).  Similarly high pollen viability of 93.1 to 98.4% was reported for 
johnsongrass using Alexander’s stain; however, no more than 79% of pollen grains 
germinated in vitro (Burke et al. 2007b).  Alexander’s stain was compared to a 
fluorochromatic reaction (FCR) assay, with the highest estimate of cotton pollen viability 
resulting with Alexander’s stain (Pline et al. 2002).  Therefore, this staining method may 
not be used directly to predict pollen germinability but excludes pollen grains considered 
nonviable.   
Pollen Germination.  Initially, < 5% of common waterhemp and Palmer amaranth pollen 
germinated using a PGM with 20% sucrose, 0.1 mM boric acid, and 1 mM calcium 
chloride in deionized water and 0.8% wt vol
-1
 agarose (data not shown).  Adjusting the 
PGM pH to 4.5 or 5.5 resulted in up to 21 and 9% germination for common waterhemp 
and Palmer amaranth, respectively (Table 2.3).  Some pollen germinated at a pH of 6.5 to 
8.5; however, germination was ≤ 1%.  Incubation temperatures below 32 C resulted in ≤ 
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7 and 1% for common waterhemp and Palmer amaranth, respectively.  The highest 
incubation temperature of 42 C resulted in ≤ 1% germination for both species.  The 
combination of PGM with a pH 5.5 and incubation temperature of 32 C resulted in 
germination rates of 21 and 9% for common waterhemp and Palmer amaranth, 
respectively.   
 Adjusting the concentration of PGM components, while maintaining the pH of 5.5 
and incubation temperature of 32 C, increased pollen germination by 20% over the PGM 
used previously (Table 2.3) for Palmer amaranth (Table 2.4).  Increasing the sucrose 
concentration to 30% versus 20% wt v
-1
 reduced common waterhemp pollen germination 
from 22 to 16%, but increased Palmer amaranth pollen germination from 15 to 29%.  
Although raising boric acid and calcium chloride concentrations had no effect on 
common waterhemp germination, pollen germination of Palmer amaranth increased by 7 
and 3%, respectively (Table 2.4).  Therefore, a PGM with 20% wt v
-1
 sucrose, 0.1 mM 
boric acid, and 1 mM calcium chloride was optimal for stimulating pollen germination of 
common waterhemp and a PGM with 30% sucrose, 0.5 mM boric acid, and 1.5 mM 
calcium chloride was optimal for Palmer amaranth.  Studies using polyethylene glycol 
(PEG) as an osmoticum as well as the addition of calcium nitrate, potassium nitrate, 
magnesium sulfate, and/or manganese sulfate for stimulation of pollen was attempted, but 
did not improve pollen germination (data not shown). 
 Studies on germination of common waterhemp and Palmer amaranth pollen have 
not been reported previously.  The basic components of calcium, boron, and an 
osmoticum buffered to a pH of 5.5 provided low, but consistent pollen germination for 
both species.  Similarly, Bodhipadma et al. (2010) reported low germination of common 
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cockscomb pollen (25%).  Similar PGM’s have resulted in higher percent pollen 
germination for other plant species.  Burke et al. (2007b) reported 78.9% germination for 
johnsongrass pollen using a liquid culture with 0.3 M sucrose, 2.4 mM boric acid, and 3 
mM calcium nitrate.  An agar culture with 0.5 M maltose, 2 mM calcium chloride, and 2 
mM boric acid resulted in greater than 60% germination for annual ryegrass (Richter and 
Powles 1993).  Letouze and Gasquez (2000) used an agar culture consisting of calcium 
nitrate, boric acid, and sucrose; germination of blackgrass pollen was 85%.   
Glyphosate Assay.  As glyphosate concentration increased, pollen tube length decreased 
in a typical sigmoidal fashion for common waterhemp (Figure 2.3).  In the absence of 
glyphosate, pollen tubes of GS and GR common waterhemp reached approximately 80 to 
100 μm in length (Figure 2.4). The lowest glyphosate concentration of 0.0005 mM 
reduced pollen tube length by 7 to 20%, while 30 mM glyphosate reduced the length of 
GR and GS common waterhemp pollen tubes by 91 to 93%.  The predicted I50 
concentration for GS and GR common waterhemp was 0.002 and 0.007 mM, 
respectively.  The log-logistic dose response curve predicted similar slopes of 1.08 for 
GS and 1.77 for GR biotypes.   
 Pollen tube length of GS and GR biotypes of Palmer amaranth was overall less 
sensitive to glyphosate compared to common waterhemp (Figure 2.5).  Untreated pollen 
tubes of Palmer amaranth grew to approximately 100 to 200 μm in length (Figure 2.4).  
The lowest glyphosate concentration of 0.0005 mM reduced pollen tube length similar to 
common waterhemp.  However, reductions in pollen tube length above 55% were not 
observed at any concentration and no difference in response between GS and GR were 
measured.  With little response, the incubation period was extended to 6 h; however, no 
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additional pollen tube growth was observed (data not shown).  A log-logistic dose 
response curve was not fitted due to non-convergence of the maximum likelihood 
estimation.   
 In vitro assays with glyphosate have been conducted using seeds to discriminate 
GR and GS populations.  Ballot et al. (2009) used wells of ELISA plates containing 
various glyphosate concentrations to germinate annual ryegrass seedlings and measured 
coleoptile length to assess sensitivity.  This method of determining resistance was highly 
correlated (R
2 
= 0.95) to the traditional whole-plant dose response.  A number of other 
studies have reported high correlation between seed germination and whole-plant dose 
response assays for Italian ryegrass (Lolium perenne L. spp. multiflorum (Lam.) Husnot) 
and rigid ryegrass (Lolium rigidum Gaudin) (Neve et al. 2004; Perez and Kogan 2003; 
Perez-Jones et al. 2007).  Furthermore, Zelaya and Owen (2005) used a seedling assay to 
identify GR common waterhemp.  A glyphosate concentration of 1 mM inhibited 
development of GS seedlings while GR seedlings continued development in 3.2 to 10 
mM glyphosate.  The 1 mM concentration of glyphosate that inhibited seedling 
development also significantly reduced pollen tube length of common waterhemp in this 
study.   
 Although pollen of common waterhemp appears sensitive to glyphosate, 
differentiation of GR and GS biotypes was not possible.  One possible explanation is that 
GR may not be expressed in the gametophytic phase.  The likely mechanism of resistance 
for the GR common waterhemp biotype is altered absorption and/or translocation 
(Shauck 2014).  Altered herbicide absorption results from an alteration in composition or 
thickness of epicuticular waxes (Ferreira and Reddy 2000; Chachalis et al. 2001) which is 
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not relevant to the composition of pollen.  Altered herbicide translocation is not well 
understood, but is thought to be the result of cellular exclusion or vacuolar sequestration 
of the herbicide molecule (Ge et al. 2010; Shaner 2009; Yuan et al. 2007).  It is likely that 
GR resulting from an alteration in absorption and/or translocation would not be expressed 
in pollen in the gametophytic phase.  These results are similar to a previous report, which 
demonstrated that non target-site cross resistance to ACCase and ALS inhibiting 
herbicides in annual ryegrass was not distinguishable using a pollen germination assay 
(Richter and Powles 1993).  In all previous reports where herbicide-resistant and -
susceptible pollen was identified in vitro, the mechanism of resistance was an altered 
target-site enzyme (Burke et al. 2007a; Letouze and Gasquez 2000; Richter and Powles 
1993).  Pollen from a biotype of johnsongrass resistant to the ACCase inhibitor clethodim 
was 3.9- to 6.1-fold more resistant than pollen from a susceptible biotype (Burke et al. 
2007a).  An enzyme assay revealed that ACCase from the resistant biotype was 4.5-fold 
more tolerant to clethodim than the susceptible biotype, indicating an altered target-site 
(Burke et al. 2006).   
 The lack of response to glyphosate in pollen of Palmer amaranth may result from 
the inability of glyphosate to impact aromatic amino acid levels.  Pollen from GR Palmer 
amaranth plants exhibits over 160-fold more EPSPS mRNA compared to pollen from GS 
plants (Shauck 2014).  Therefore, GR was expected to be expressed in the gametophytic 
phase similar to that of the sporophytic phase.  However, if Palmer amaranth pollen is 
binucleate, then pollen tube growth may not have transitioned from autotrophic to 
heterotrophic growth.  Newly synthesized aromatic amino acids may not have been 
required to produce pollen tubes of the length observed, which may have resulted in the 
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relatively low sensitivity to glyphosate of GS Palmer amaranth compared to GS common 
waterhemp.  However, no additional pollen tube growth was observed after extending the 
incubation period to 6 hours.      
 Pollen tubes from Amaranthus species can germinate and grow in vitro, using a 
modified PGM, but GR was not distinguishable from GS in the gametophytic phase.  It is 
possible that the lack of differentiation for GR and GS common waterhemp was due to a 
nontarget-site based mechanism of resistance.  This may permit use of an in vitro pollen 
assay to differentiate expression of target-site and nontarget-site based mechanisms of 
glyphosate resistance. 
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Table 2.1. Components of Alexander’s staina 
used to assess maturity of Amaranthus pollen. 
20 mL ethanol 
1 mL of 27 mM malachite green in ethanol 
50 mL distilled water 
25 mL glycerol 
5 g phenol 
5 mL of 17 mM acid fuchsin 
2 mL lactic acid 
a
Alexander 1969, 1980. 
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Table 2.2. Common waterhemp and Palmer 
amaranth percent pollen viability assessed by 
Alexander’s staina. 
 Viable pollen (%)
b
 
Plant 
˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗ 
Common 
waterhemp 
˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗ 
Palmer 
amaranth 
˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗ 
1 94 91 
2 95 95 
3 89 92 
4 92 96 
5 92 90 
6 96 98 
7 92 95 
8 95 98 
9 94 98 
10 95 98 
Mean (SD) 93.3 (2.12) 94.9 (2.98) 
a
 Alexander 1969, 1980. 
b
 Percent pollen viability was determined by 
evaluating 100 pollen grains per plant after 
staining, using 10 plants and 2 experimental 
runs. 
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Table 2.3. Influence of pH and incubation temperature on pollen germination of 
glyphosate-susceptible common waterhemp and Palmer amaranth on pollen 
germination media (PGM). 
 ˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗ pH of PGM ˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗ 
Incubation 
Temp. (C) 
˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗˗ 
 
4.5 
˗˗˗˗˗˗˗˗˗˗˗˗˗ 
 
5.5 
˗˗˗˗˗˗˗˗˗˗˗˗˗ 
 
6.5 
˗˗˗˗˗˗˗˗˗˗˗˗˗ 
 
7.5 
˗˗˗˗˗˗˗˗˗˗˗˗˗ 
 
8.5 
˗˗˗˗˗˗˗˗˗˗˗˗˗ 
 ˗˗˗˗˗˗˗˗˗ common waterhemp pollen germination (%)ab ˗˗˗˗˗˗˗˗˗ 
20    1 C      0 C      1 AB        0        0                 
25    2 BC ab      7 B    a      0 B          0 b        1 b 
28    7 AB a      1 C    b      1 A    b        0 b        0 b 
32  10 A    a    21 A    a      0 B    b        0 b        0 b 
38  19 A    a      1 C    b      0 B    b        0 b        0 b 
42    1 C    a      0 C    b      0 B    b        0 b        0 b 
 ˗˗˗˗˗˗˗˗˗˗˗˗˗ Palmer amaranth pollen germination (%) ˗˗˗˗˗˗˗˗˗˗˗˗ 
20    0 B      0 B      0  0  0  
25    0 B      1 B      0  0  0  
28    0 B       0 B       1  0  0  
32    2 B    b      9 A    a      0        c    1 c    0 c 
38    6 A    a      1 B    b      0        b     0 b    0 b 
42    0 B       0 B       0  0   0   
a
 Values are the mean percent pollen germination which was determined by 
evaluating 100 pollen grains for 10 plants in each of two experimental runs. 
b
 Means within each column followed by the same upper case letter or within 
each row followed by the same lower case letter are not significantly different 
using Fisher’s Protected LSD at P = 0.05. 
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Table 2.4. Pollen germination media (PGM) component 
concentration influence on pollen germination of 
glyphosate-susceptible common waterhemp and Palmer 
amaranth.  PGM pH was 5.5 and incubation temperature 
was 32 C. 
PGM Concentration 
common 
waterhemp
 
Palmer 
amaranth
 
Sucrose (% wt v
-1
) Pollen Germination
ab
 (%) 
20 22 a 15 b 
30 16 b 29 a 
H3BO3 (mM)   
0.1 19 a 18 b 
0.5 19 a 25 a 
CaCl2 (mM)   
1 19 a 20 b 
1.5 19 a 23 a 
a
 Values are means of percent germination for main effects 
determined for 100 pollen grains assessed per treatment 
across 4 replications and 2 experimental runs. 
b
 Means within each column followed by the same letter are 
not significantly different using Fisher’s Protected LSD at P 
= 0.05. 
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                                                                  1 
Figure 2.1. Illustration of methodology used to assess pollen viability and germination.  A, microscope slide with five black dots 2 
arranged in a circle; B, microscope slide sectioned into 1 by 2 cm rectangles with five black dots within each rectangle; C, center point 3 
microscope reticle focused on the center of a black dot; D, center point microscope reticle re-focused to the field of view containing 4 
pollen; and E, a pollen grain considered germinated because the pollen tube is at least as long as half the diameter of the pollen grain. 5 
 6 
 7 
A 
C D 
B 
E 
100X 
400X 
                                7
6
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 8 
Figure 2.2.  Representative common waterhemp pollen stained to assess viability with Alexander’s stain  (Alexander 1969, 1980).  9 
Fully developed protoplasm stains completely dark red to purple (left) and immature pollen stains green to blue or partially dark red to 10 
purple (right).  11 
 12 
 13 
                                7
7
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Figure 2.3. Glyphosate-susceptible (GS) and glyphosate-resistant (GR) common 
waterhemp pollen tube length in response to glyphosate. Glyphosate was incorporated 
into the pollen germination media containing 20% wt v
-1
 sucrose, 0.1 mM boric acid, and 
1 mM calcium chloride, 0.8% wt v
-1
 agarose adjusted to pH 5.5.  Each point indicates 
mean pollen tube length from 10 pollen tubes per herbicide concentration, 4 replications 
(plants), and 2 experimental runs.  Vertical bars indicate the standard error of the mean. 
 
  
 
GS 
 
GR 
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Figure 2.4. Representative pollen tubes of common waterhemp (A, B, C) and Palmer 
amaranth (D, E, F) in response to glyphosate; nontreated (A, D), 0.1 mM glyphosate (B, 
E), and 30 mM glyphosate (C, F).  Pollen tube growth was terminated by staining with 
toluidine blue after 3 hours incubation at 32 C on pollen germination media buffered to a 
pH of 5.5. 
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Figure 2.5. Glyphosate-susceptible (GS) and glyphosate-resistant (GR) Palmer amaranth 
pollen tube length in response to glyphosate. Glyphosate was incorporated into the pollen 
germination media containing 30% wt v
-1
 sucrose, 0.5 mM boric acid, and 1.5 mM 
calcium chloride, 0.8% wt v
-1
 agarose adjusted to pH 5.5.  Each point indicates mean 
pollen tube length from 10 pollen tubes per herbicide concentration, 4 replications 
(plants), and 2 experimental runs.  Vertical bars indicate the standard error of the mean. 
 
 
 
 
 
 
GS 
GR 
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Chapter III 
Pollen Expression of EPSP Synthase and Glyphosate Resistance Mechanisms in 
Amaranthus and Ambrosia Species 
 
Tye C. Shauck
a,*
, Alejandro Tovar-Mendez
b
, Bruce McClure
b
, and Reid J. Smeda
a 
 
Abstract.  In vitro pollen germination assays can differentiate herbicide-resistant and 
susceptible populations when the basis for resistance is target-site based.  However, there 
are insufficient data to determine whether glyphosate resistance can be identified in this 
manner or even whether 5-enol-pyruvyl-shikimate-3-phosphate synthase (EPSPS) is 
expressed in mature pollen.  Also unknown is whether the basis for glyphosate resistance 
in selected common waterhemp (Amaranthus rudis Sauer), Palmer amaranth, 
(Amaranthus palmeri S. Wats.), common ragweed (Ambrosia artemisiifolia L.), and giant 
ragweed (Ambrosia trifida L.) biotypes in Missouri is mediated by target-site 
mechanisms.  The objectives of this research were to determine if EPSPS is expressed in 
pollen and whether target-site based mechanisms confer glyphosate resistance in common 
waterhemp, Palmer amaranth, common ragweed, and giant ragweed.  Protein blots and 
reverse transcription polymerase chain reaction (RT-PCR) confirmed expression of 
EPSPS in pollen of all plant species tested.  Sequencing results show a proline to serine 
mutation at position 106 (P106S) in common and giant ragweed, suggesting a target-site 
mechanism underlying glyphosate resistance.  Genomic quantitative PCR (q-PCR) 
                                                          
*
 Correspondence to: Tye C. Shauck, Division of Plant Sciences, University of Missouri 108 Waters Hall, 
Columbia, MO 65211. E-mail: tcs2m5@mail.missouri.edu 
a
 Division of Plant Sciences, University of Missouri, Columbia, Missouri 
b
 Division of Biochemistry, University of Missouri, Columbia, Missouri 
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showed a 71.5- to 282.8-fold elevation in EPSPS copy number in GR Palmer amaranth, 
suggesting gene amplification contributes to glyphosate resistance in this population.  
Neither GR Palmer amaranth nor common waterhemp biotypes showed target-site 
mutations; the GR common waterhemp biotype also did not exhibit gene amplification.  
It is likely that glyphosate resistance in this biotype of common waterhemp is due to an 
alteration in absorption and/or translocation of glyphosate.  Gene amplification in Palmer 
amaranth and the P106S in ragweed species was also identified in pollen.  Pollen of all 
species contained mature EPSPS and may express sensitivity or resistance to glyphosate.  
Moreover, since both altered EPSPS and elevated EPSPS expression were detected in 
pollen, it is likely that pollen growth assays may be utilized to identify a GR weed 
population.  
Key Words: common waterhemp, common ragweed, giant ragweed, Palmer amaranth, 
5-enol-pyruvyl-shikimate-3-phosphate synthase (EPSPS). 
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Introduction 
Glyphosate resistance in weed species is one of the greatest challenges of weed 
control in agronomic crops.  Since the introduction of glyphosate resistant (GR) crops, 
glyphosate has been used extensively and numerous GR biotypes within 28 weed species 
have emerged worldwide.
1
  Weeds in the Amaranthus and Ambrosia genera are among 
the most troublesome in U.S. crop fields.  For example, by 2014, GR biotypes have been 
reported in 15, 22, 13, and 12 states for common waterhemp (Amaranthus rudis Sauer), 
Palmer amaranth, (Amaranthus palmeri S. Wats.), common ragweed (Ambrosia 
artemisiifolia L.), and giant ragweed (Ambrosia trifida L.), respectively.
1
  
 Accurate and rapid methods for identification of herbicide-resistant populations 
allows for appropriate and prompt management decisions.  Traditionally, identification of 
resistance involves collection of seed from surviving plants and conducting whole plant 
dose response assays.  This method is generally accurate, but is also time consuming, 
taking up to two months, and is not practical for large scale testing.
2
  Other methods 
include:  seed germination assays, agar based seedling assays, leaf disc assays, DNA-
based assays, and pollen germination assays.
2
  All of these assays are fairly rapid, but 
they vary in the skill and expertise needed to conduct testing and are generally limited to 
identification of only one or a few mechanisms of resistance.  The pollen germination 
assay is the most rapid, allowing identification within hours of initiation.   
 Pollen germination assays may be limited to discriminating only target-site based 
mechanisms of resistance.  For example, in vitro pollen germination assays revealed that 
resistance to acetolactate synthase (ALS) and acetyl-CoA carboxylase (ACCase) 
inhibitors is expressed in pollen of annual ryegrass (Lolium rigidum Gaud.), blackgrass 
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(Alopecurus myosuroides Huds.), and johnsongrass (Sorghum halepense L. Pers.).
3-5
  An 
altered target-site enzyme was linked to resistance in all biotypes tested.  Pollen from a 
biotype of resistant annual ryegrass, with a nontarget-site based mechanism of resistance, 
was not distinguishable in a similar assay.
5
  Additionally, in vitro assays assessing pollen 
tube growth did not discriminate glyphosate resistance in common waterhemp or Palmer 
amaranth biotypes with unknown mechanisms of resistance.
6
   
  Four mechanisms are known to contribute to glyphosate resistance in selected 
weed species.  The first mechanism is mutation of the target-site enzyme, 5-enol-pyruvyl-
shikimate-3-phosphate synthase (EPSPS), most frequently the result of a substitution of 
proline 106 (P106) with alanine (P106A), serine (P106S), or threonine (P106T).
7-10
  
These mutations alter the conformation of EPSPS which reduces the binding affinity for 
glyphosate, while not impacting the binding of the natural substrate, 
phosphoenolpyruvate.  A P106 mutation often results in moderate levels of resistance, 
with resistance factors (RF) of 2 to 8.
11
  A second mechanism is overexpression of 
EPSPS, which is due to increased EPSPS gene copy number.
12,13
  This over-production of 
EPSPS confers high levels of resistance (RF of 7 to 12)
12,14
 by maintaining normal 
shikimate pathway function in the presence of glyphosate rates lethal to susceptible 
biotypes.  While EPSPS remains sensitive to glyphosate, there is an abundance of 
uninhibited enzyme.  A third mechanism, altered glyphosate translocation or 
sequestration, confers resistance by impeding the movement of glyphosate to the target-
site enzyme.  This mechanism affords moderate to high levels of resistance, with a 
reported RF of 3 to 17.
15
  Although the specific physical or biochemical alterations 
underlying this mechanism are not fully understood, GR horseweed (Conyza canadensis 
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L. Cronq.) has been shown to rapidly sequester glyphosate within the vacuole via an 
adenosine triphosphate (ATP)-binding cassette (ABC) transporter.
16,17
  Another 
hypothesis suggests that phosphate transport pumps may play a role in exclusion of 
glyphosate from cells or plastids.
15  
The last reported mechanism is differential 
absorption, which contributes to glyphosate resistance in some species and is linked to a 
reduction of herbicide movement across the cuticle, commonly mediated by alterations in 
the composition or amount of epicuticular waxes.
18,19
  Differential absorption generally 
accompanies an altered translocation mechanism and results in a moderate to high level 
of resistance. 
 
 Overexpression of EPSPS, altered absorption and translocation as well as target-
site mutations contribute to glyphosate resistance in common waterhemp and Palmer 
amaranth biotypes.  GR Palmer amaranth in Georgia (RF of 12) and New Mexico (RF of 
7) have been shown to contain 5- to 160-fold and 2- to 8-fold more EPSPS copies, 
respectively, compared to glyphosate-susceptible (GS) plants.
12,14
  GR common 
waterhemp populations from Illinois, Kansas, Missouri, and Nebraska have been shown 
to contain up to 8-fold additional EPSPS copies compared to GS plants.
20-22
  GR Palmer 
amaranth in Mississippi (RF of 14 to 17) absorbed 15 to 21% less glyphosate and 
translocated 10 to 21% more glyphosate out of the treated leaf compared to GS plants.
23
  
In the GR biotype, 12 and 55% of the glyphosate was translocated above the treated leaf 
(leaves and shoot) and below the treated leaf (leaves, shoot, and roots), while GS plants 
translocated 23 and 33%, respectively.
23
  A biotype of GR common waterhemp in 
Kentucky contained a P106S amino acid substitution.
21
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 Some GR biotypes of common waterhemp have evolved more than one resistance 
mechanism.  A GR common waterhemp biotype in Mississippi (RF 5), for example, 
exhibited both reduced absorption and translocation of glyphosate, but also contained a 
P106S amino acid substitution.
24
  Greater than a 2-fold increase in EPSPS copy number 
plus a P106S amino acid substitution was also identified in GR common waterhemp 
plants in Missouri.
22
  GR common waterhemp from Platte County, Missouri (MO1, RF of 
19) also showed a 4-fold increase in EPSPS copy number but a GR common waterhemp 
biotype in Illinois (RF of 5) contained the P106S mutation.  However, a second 
mechanism of resistance was suspected in both biotypes because not all plants containing 
additional EPSPS copies or the P106S mutation survived a discriminating dose of 
glyphosate.
25,26
  
 
 Mechanism(s) of glyphosate resistance in MO common and giant ragweed have 
not been identified.  Absorption and translocation of glyphosate in GR versus GS 
common ragweed in Arkansas (RF of 10 to 21) were similar and did not appear to exhibit 
an altered EPSPS enzyme.
27
  Absorption and translocation of glyphosate in giant ragweed 
in Arkansas also appeared similar for GR (RF of 2 to 7) and GS plants.
28
  However, 
another biotype of GR giant ragweed from Indiana is thought to exhibit reduced 
translocation due to a novel response following glyphosate application: within 3 days of 
application, mature leaves become necrotic, similar to symptoms exhibited following 
application of a contact herbicide.
29
  Presumably, mature tissue is sacrificed by 
accumulating glyphosate at lethal concentrations in designated tissue which is then shed 
to ensure survival.  This may be similar to a hypersensitive response to disease pathogens 
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by programmed cell death,
30
 thus preventing translocation out of the source leaf and 
protecting the meristematic tissue.  
 Genetic diversity in weed species has aided the selection of mutations following 
repeated exposure to herbicides.  Pollen transfer promotes genetic diversity and has been 
reported to efficiently spread glyphosate resistance.  Both common waterhemp and 
Palmer amaranth are dioecious (obligate out-crossing) resulting in high genetic diversity.  
Glyphosate resistance was transferred to the progeny of GS Palmer amaranth female 
plants at a rate of 20 to 34% at distances of 100 to 300 m.
31
  Glyphosate resistance may 
be transferred through pollen as a single- or multi-genic nuclear dominant trait or semi-
dominant trait.
32-35
  Mechanisms such as altered target-sites and reduced translocation are 
heritable in GR ryegrass (Lolium) species each as a single gene trait that displays largely 
dominant behavior.
36
  Overexpression of EPSPS in Palmer amaranth is inherited as a 
multi-genic, nuclear trait.
14,37
       
 While glyphosate resistance can be inherited paternally, it is unclear if EPSPS is 
expressed in pollen which would impact any response to glyphosate.  Previous studies 
have shown that synthesis of branched chain amino acids and long chain fatty acids are 
likely functional pathways in pollen.
3-5
  Additionally, RNA-Seq data from Arabidopsis 
pollen indicates expression of EPSPS mRNA.
38
   Therefore, synthesis of aromatic amino 
acids from the shikimate pathway, which utilizes EPSPS, may also be functional in 
pollen.  Furthermore, pollen tube growth of common waterhemp was inhibited by the 
presence of glyphosate, further indicating the presence of EPSPS and the shikimate 
pathway.
6
  It is likely that only target-site  based mechanisms of resistance would be 
expressed in pollen, provided the target-site pathway is present and functional for pollen 
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germination and pollen tube growth.  Other mechanisms that may be multi-genic or 
require whole-plant processes, likely would not be expressed in pollen.  To date, no 
research has reported the expression of glyphosate resistance in pollen.  Additionally, 
target-site based resistance mechanisms have not been identified in any biotypes of GR 
common ragweed or GR giant ragweed.  The objectives of this research were to examine 
pollen of common waterhemp, Palmer amaranth, common ragweed, and giant ragweed 
for expression of EPSPS and identify if target-site mutations or overexpression of EPSPS 
is the underlying mechanism of resistance. 
 
Materials and Methods 
Plant Material.  GS common waterhemp and giant ragweed seed was collected at the 
Bradford Research and Extension Center (38.89°N, 92.21°W) near Columbia, MO in 
2009.  Seed for GS Palmer amaranth, common ragweed, and a second GS giant ragweed 
population was purchased from Azlin Seed Service (Leland, MS) in 2011.  In 2010, seed 
of GR common waterhemp and common ragweed populations were collected from a 
producer’s field near Millersburg, MO (38.95°N, 92.07°W).  Seed of GR Palmer 
amaranth was collected from the Fisher Delta Research Center (36.39°N, 89.61°W) near 
Portageville, MO in 2010.  In 2011, GR giant ragweed seed was collected from a 
producer’s field in Randolph County, MO (39.57°N, 92.63°W).39  Sensitivity and 
resistance to glyphosate was confirmed by screening 20 seedlings from each population 
under greenhouse conditions using a discriminating dose (1.68 kg ae ha
-1
) of glyphosate 
(potassium salt, Roundup WeatherMAX®, Monsanto Company, St. Louis, MO 63167).  
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Two weeks after application, 100% mortality was observed in all GS populations and 
≥80% survival was observed in all GR populations (data not shown). 
 Seedlings were established in 25 by 50 cm polypropylene flats containing a 1:1 
mixture of Pro-mix BT (Hummert International, 4500 Earth City Expressway, Earth City, 
MO 63045) and Mexico silt loam soil (fine, smectitic, mesic Vertic Epiaqualfs), 1% 
organic matter and pH 5.9.  Seedlings were transplanted into 15 cm diameter pots 
containing the same potting mix when approximately 5 cm tall.  All plants were grown in 
a greenhouse at 25 to 30 C with supplemental metal halide lighting (500 μmol photon m-2 
s
-1
) simulating a 13 h photoperiod.  Plants were watered and fertilized with 20-20-20 (N-
P-K: Jack’s Classic®, JR Peters Inc. 6656 Grant Way, Allentown, PA 18106) as needed.  
When plants from reported GR populations reached 10 cm in height, they were treated 
with 1.68 kg ae ha
-1
 (2-fold the labeled dose; 2X) glyphosate (de-ionized water as a 
carrier) using a pneumatic sprayer equipped with a 8001E (TeeJet Spraying Systems Co. 
World Headquarters, P.O. Box 7900, Wheaton, IL, 60187-7900) nozzle spray tip, 
calibrated to deliver 140 L ha
-1
 at 167 kPa.  Plants from each population were segregated 
until flowering was initiated.  Leaf samples were collected from the youngest fully 
developed leaves during vegetative growth, frozen in liquid nitrogen and stored at -80 C.  
Pollen was collected in the morning between 8:00 and 10:00 am by vacuum filtration.  
Pollen was divided into 100 mg aliquots and stored at -80 C. 
EPSPS Protein Expression.  Protein blots were used to detect and compare EPSPS 
protein levels in leaf and pollen.  One hundred milligrams of leaf samples and pollen 
from each population were ground in liquid nitrogen.  A lysis buffer (4% sodium dodecyl 
sulfate, 20% glycerol, 125 mM Tris-HCl; pH 6.8) was supplemented with 1% v v
-1
 plant 
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protease inhibitor cocktail (P9599, Sigma-Aldrich, St. Louis, MO), 0.2% wt v
-1
 trypsin 
inhibitor (T4385, Sigma-Aldrich), and 0.31% wt v
-1
 benzamidine (B6505, Sigma-
Aldrich) was added to the ground tissue at a rate of 2 μL per mg leaf sample or 4 μL per 
mg pollen.  Pollen samples were diluted more than leaf samples due to greater total 
protein concentration.  Samples were then mixed and heated at 95 C for 5 min followed 
by centrifugation and extraction of the supernatant (total protein).  Protein concentration 
was determined in triplicate by using the Pierce 660 nm protein assay (Thermo Scientific, 
3747 Meridian Rd, Rockford, IL 61101) and using bovine serum albumin protein as the 
standard. 
 Protein separation was carried out (20 μg sample-1) in 10% Tris-HCl gels 
(Criterion TGX, Bio-Rad Laboratories Headquarters, 1000 Alfred Nobel Drive, Hercules, 
CA 94547) and stained with GelCode Blue Stain Reagent (Thermo Scientific).  Proteins 
were transferred to polyvinyl difluoride membranes (Trans-Blot Turbo Midi PVDF 
Transfer Packs, Bio-Rad) using the Trans-Blot Turbo Transfer System (Bio-Rad) 
according to manufacturer’s protocol.  Membranes were rinsed in TBS (20 mM Trizma 
base pH 8.0 with HCl; 150 mM NaCl) followed by overnight incubation at room 
temperature in TBS with 5% nonfat dry milk (MTBS).  The following day, membranes 
were rinsed in TBS and incubated in MTBS overnight.  Membranes were then rinsed 
twice for 15 s in TBS plus 0.05% v/v Tween-20 (TBST) followed by incubation in the 
primary EPSPS antibody
12
, diluted in TBST (1:2000) for 1 h with gentle shaking at room 
temperature.  Membranes were then rinsed twice for 15 s followed by two sequential 10 
min rinses in TBST and incubation in the secondary antibody (goat anti-rabbit HRP, Bio-
Rad) diluted in TBST (1:20,000) for 1 h hour at room temperature.  Additional rinsing of 
91 
 
membranes was carried out twice for 15 sec followed by two, 10 min rinses in TBST.  
Blots were developed using the Pierce ECL Western Blotting Substrate (Thermo 
Scientific) and imaged using a ChemiDoc MP imaging system (Bio-Rad).  
EPSPS Sequencing.  Reverse transcription polymerase chain reaction (RT-PCR) was 
used to detect EPSPS transcript and generate sufficient DNA for sequencing.  
Approximately 100 mg of leaf tissue was collected from four plants of each GR 
population and two plants from each GS population as well as 100 mg of pollen from 10 
plants of each population were ground in liquid nitrogen.  Total RNA was extracted using 
the RNeasy Plant Mini Kit (Qiagen, Valencia, CA 91355) with in-column DNA digestion 
according to the manufacturer’s instructions and was quantified using a NanoDrop (ND-
1000) spectrophotometer (Thermo Scientific).  First strand complimentary DNA (cDNA) 
synthesis was conducted using 0.9 μg total RNA, a non-specific primer (oligo dT), and 
reverse transcriptase (ImProm-II, Promega Corporation, Madison, WI, 53711) according 
to manufacturer’s protocols. 
 Amaranthus and Ambrosia EPSPS was amplified from pollen and leaf cDNA and 
used for sequencing. Primer sequences are listed in Table 3.1 and were either designed as 
described
12
, or were based on Ambrosia trifida sequences from the World Intellectual 
Property Organization (WIPO) (http://patentscope.wipo.int/search/en/search.jsf, 
WO2013039990; 1:Ambrosia cDNAC 1503 trifida ontig, 2:Ambrosia cDNA 1721 
trifida).  The PCR protocol included a denaturation step of 94 C for 120 sec, followed by: 
40 cycles of 94 C for 30 s; 55 C for     30 s; 72 C for 60 s; and one cycle of 72 C for 600 s 
and maintenance at 4 C.  Amplicons were separated in 1% agarose gels, 100 mV for 50 
min.  The 1000 bp EPSPS bands were excised, purified (QIAquick Gel Extraction Kit, 
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Qiagen), quantified (NanoDrop, ND-1000, Thermo Scientific) and sequenced using both 
the forward and reverse primers.  Amino acids corresponding to positions 90 to 200 in 
Arabidopsis thaliana (NM_130093.2) EPSPS were translated and used for analysis.  
Negative controls for pollen samples consisted of skipping the first strand cDNA 
synthesis and running the isolated RNA sample through the PCR amplification cycles (as 
described above).  DNA was not amplified in negative controls; therefore, there was no 
genomic DNA contamination (data not shown). 
EPSPS Genomic Copy Number.  Quantitative PCR (q-PCR) was used to quantify 
EPSPS genomic copy number in leaf and pollen samples.  One hundred milligrams of 
leaf samples from each of 20 plants from each population and 100 mg of pollen pooled 
from each population was ground in liquid nitrogen.  DNA was extracted (DNeasy Plant 
Mini Kit, Qiagen) and diluted to 80 pg μL-1.  Specific primers and probes of EPSPS were 
used to amplify and quantify genomic EPSPS for Amaranthus and Ambrosia species in 
triplicate (Table 3.1).  Translocon of the outer chloroplastic membrane (Toc75) and the 
elongation factor 1 alpha (EF1A) were selected as reference genes for amplification and 
quantification assays in each Amaranthus and Ambrosia species, respectively (Table 3.1) 
and calculation of relative EPSPS gene copy numbers.  Forward and reverse primers plus 
the probe were added to leaf or pollen DNA along with TaqMan Universal Master 2X 
mix (Applied Biosystems, 850 Lincoln Centre Dr, Foster City, CA 94404).  
Amplifications were performed using conditions of 95 C for 600 s followed by 40 cycles 
of 95 C for 15 s and 60 C for 60 s.  The relative EPSPS copy number was calculated as: 
[1]                      
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where CtRef is the cycle threshold of the reference gene (Toc75 or EF1A) and CtEPSPS 
is the cycle threshold of EPSPS. 
EPSPS Expression in Pollen.  Quantitative reverse transcription PCR (qRT-PCR) was 
used to quantify expression of EPSPS mRNAs in pollen.  Pollen total RNA isolated for 
RT-PCR was diluted to 2 ng μL-1 and the same primers used for q-PCR were utilized for 
qRT-PCR.  Forward and reverse primers plus the probe were added to RNA along with 
2X Taqman One-Step RT-PCR Master Mix (Applied Biosystems).  First strand cDNA 
synthesis and amplification were conducted simultaneously in triplicate, using a one-step 
PCR with conditions of: 48 C for 30 min, 95 C for 10 min, followed by 40 cycles of 95 C 
for 15 s and 60 C for 60 s.  The comparative cycle threshold (Ct) method was used to 
assess EPSPS pollen expression and compare GR to GS populations with EPSPS 
expression set to one.  Comparative EPSPS expression was calculated as:  
[2]                                
where CtEPGR is the cycle threshold of EPSPS for the GR population, CtRef is the cycle 
threshold of the Toc75 or EF1A reference gene, and CtEPGS is the cycle threshold of 
EPSPS for the GS population. 
  
Results and Discussion 
 EPSPS Protein Expression.  EPSPS was detected in both leaf and pollen protein 
samples from GS and GR biotypes of all four species tested (Figure 3.1).  The stained 
gels show that the pattern for total protein differed between Amaranthus and Ambrosia 
species, as well as between leaf and pollen tissue.  The most distinct bands in all leaf 
tissue samples are likely the large (i.e., approximately 56 kDa) subunit of ribulose 1,5-
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bisphosphate carboxylase (RuBisCO), which is the most abundant protein found in leaf 
tissue.  This intensely staining band coincidently runs near EPSPS (57 kDa).  Amaranthus 
species also display a prominent unidentified band between 75 and 100 kDa that was 
absent from Ambrosia species.  As expected, the pollen protein pattern was notably 
different compared to leaf tissue.  Overall there is more protein diversity in pollen and the 
intense band near 50 kDa is absent, likely because pollen is non-photosynthetic.   
Immunostaining with an EPSPS-specific antibody revealed EPSPS in both leaf 
and pollen protein samples from GS and GR biotypes of all four species tested, albeit at 
different levels (Figure 3.1, right panels).   EPSPS bands displayed similar intensity in 
leaf and pollen samples from Ambrosia species, while Amaranthus species generally 
showed more EPSPS staining in pollen compared to leaf.  It is noteworthy that GR 
Palmer amaranth shows dramatically enhanced leaf and pollen EPSPS staining compared 
to GS, likely indicating overexpression of EPSPS.  Often, two distinct EPSPS-positive 
bands were detected near the 50 kDa molecular marker, possibly indicating EPSPS 
isoforms.  Overall, mature EPSPS was detected in pollen suggesting that the shikimate 
pathway may be active in pollen or during development of pollen tubes.    
EPSPS Sequencing.  RT-PCR revealed that EPSPS transcript is present in pollen, giving 
further evidence that the shikimate pathway is likely functional.  Consistent with the 
protein blot results, EPSPS cDNA was amplified from pollen and leaf tissue of all 
biotypes examined (Figure 3.2).  The EPSPS-specific primers amplified 1044 bp 
(Amaranthus) and 1064 bp (Ambrosia) amplicons, as expected.  Less PCR product was 
obtained from giant ragweed pollen, but the amount was sufficient for DNA sequencing.  
The amplicons were sequenced and a select 333 bp portion was translated, corresponding 
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to amino acid positions 90 through 200.  In tables 3.2 and 3.3 the nucleotide sequence 
and amino acid translation for positions 90, 101 to 103, 105 to 107, 143 to 145, 166 to 
168, 191 to 193, and 200 is shown.  These sections are presented to assess mutations 
resulting in glyphosate resistance in naturally occurring plant populations (position 
106)
21,22,24,26
 or from plants in tissue culture studies (positions 101, 102, 144, 167, 192).
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 Nucleotide sequences of GS and GR Amaranthus populations indicate that EPSPS 
target-site mutations were not present (Table 3.2).  To date, an altered target-site has not 
been reported in any GR Palmer amaranth biotypes, while biotypes of GR common 
waterhemp exhibit a P106S mutation.
21,22   
Sequences of the 333 bp region were identical 
for plant replicates within our populations (data not shown).  One nucleotide substitution 
from adenine to thymine was observed in GS Palmer amaranth pollen; however this did 
not result in an amino acid substitution.  Sequences were further compared with EPSPS 
cDNAs from two common waterhemp and one Palmer amaranth accessions (FJ869880, 
FJ869881, and FJ861242, respectively), which were downloaded from the National 
Center for Biotechnology Information, http://www.ncbi.nlm.nih.gov/.  These three 
published sequences were ≥ 97% homologous; therefore, nucleotide sequences were 
merged to form a single reference.  As the results show no amino acid substitutions, 
target-site mutations do not contribute to glyphosate resistance in the GR common 
waterhemp or Palmer amaranth populations.   
 
 Sequences of Ambrosia EPSPS from the GR common ragweed and giant ragweed 
biotypes indicate that a P106S mutation is present, likely contributing to glyphosate 
resistance (Table 3.3).  Sequences were compared to EPSPS cDNA sequences from two 
Ambrosia trifida accessions (93% homologous).  Leaf and pollen EPSPS DNA sequences 
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from GR common waterhemp, GS giant ragweed (Azlin population), and GR giant 
ragweed contained a cytosine to thymine substitution that resulted in a P106S amino acid 
substitution (Table 3.3).  Due to the unexpected presence of the mutation in GS giant 
ragweed (Azlin population), a second GS giant ragweed population (Bradford 
population) was sequenced and no point mutations were detected.  Chromatograph peaks 
indicate that individual GR common ragweed plants are homozygous for this substitution 
while GS (Azlin population) and GR giant ragweed plants were heterozygous, containing 
both cytosine and thymine (Figure 3.3).  These results indicate that the heterozygous 
P106S substitution may be conferring low levels of glyphosate resistance because plants 
from the GS giant ragweed (Azlin) population do not survive an application of 
glyphosate at the 2X rate (data not shown).  The GR giant ragweed likely expresses an 
additional resistance mechanism because all plants tested survived the 2X rate of 
glyphosate.  The homozygous P106S substitution in plants from the GR common 
ragweed population may result in a higher level of glyphosate resistance than the 
heterozygous P106S substitution observed in giant ragweed plants, or a second 
mechanism of resistance may be active. 
EPSPS Genomic Copy Number.  GR Palmer amaranth plants may be glyphosate 
resistant as a result of gene amplification (Figure 3.4).  Leaf tissue from GS Palmer 
amaranth and common waterhemp populations contained 0.2 to 0.8 and 0.3 to 2.0 
genomic copies of EPSPS, respectively compared to the reference gene, Toc75.  There is 
no indication of gene amplification in GR common waterhemp, as plants contained 0.2 to 
2.9 genomic copies of EPSPS.  The average EPSPS copy number for GS Palmer 
amaranth, GS common waterhemp, and GR common waterhemp was 0.4, 0.9, and 1.1, 
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respectively.  One plant from the GR Palmer amaranth population showed 0.4 relative 
genomic copies, however, the other 19 plants showed relative EPSPS copy numbers 
ranging from 28.6 to 113.1.  Therefore, plants from the GR Palmer amaranth population 
showed 71.5- to 282.8-fold more EPSPS genomic copies compared to the susceptible.  
EPSPS copy number determinations in pollen DNA were similar to the leaf results: 1.0, 
3.8, 2.2, and 91.7 relative copies for GS Palmer amaranth, GS common waterhemp, GR 
common waterhemp, and GR Palmer amaranth, respectively (Figure 3.4, open triangles).  
These results are similar to previous reports showing a 5- to 160-fold increase in genomic 
copies of EPSPS in GR Palmer amaranth
12,14
, although a number of plants in this GR 
Palmer amaranth population contained more copies than reported previously.  Up to an 8-
fold increase in EPSPS has also been reported in a GR common waterhemp biotypes.
20-
22,25   
Glyphosate resistance in this GR common waterhemp population is likely mediated 
by altered absorption and/or reduced translocation mechanism.  
  The genomic copy number of EPSPS was similar for both GS and GR biotypes 
of common and giant ragweed (Figure 3.5).  Leaf samples of GS common ragweed, GR 
common ragweed, GS giant ragweed (Bradford population), and GR giant ragweed 
contained 0.2 to 0.7, 0.2 to 0.7, 0.1 to 0.6, and 0.1 to 0.5 genomic copies of EPSPS, 
respectively compared to the reference gene, EF1A.  EPSPS copy number determinations 
in pollen DNA were 0.5, 0.4, 0.3, and 0.2 relative copies for GS common ragweed, GR 
common ragweed, GS giant ragweed (Bradford population), and GR giant ragweed 
biotypes, respectively (open triangles).  With similar relative EPSPS copies in GR and 
GS biotypes, gene amplification does not contribute to glyphosate resistance in the GR 
common or giant ragweed populations. 
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EPSPS Expression in Pollen.  Quantitative reverse transcription PCR indicates 
overexpression of EPSPS in pollen of GR Palmer amaranth (Figure 3.6).  Pollen from the 
GR Palmer amaranth population showed a >160-fold increase in EPSPS transcript 
compared to the susceptible population.  This is consistent with the protein blot results in 
Figure 3.1 and suggests that amplification of EPSPS detected in pollen resulted elevated 
EPSPS expression.  Although pollen from GR common waterhemp population showed 
2.5-fold greater EPSPS transcript than GS common waterhemp, this is not likely 
correlated to the resistance mechanism for this population since the average EPSPS copy 
number for leaf samples were 0.9 and 1.1 for GS and GR common waterhemp, 
respectively. 
 Transcript levels of EPSPS in ragweed pollen suggest overexpression of EPSPS is 
not a contributing mechanism to glyphosate resistance (Figure 3.6).  Pollen from the GR 
common and giant ragweed populations contained a 10% increase and 6% decrease in 
EPSPS transcript compared to the GS common and giant ragweed populations, 
respectively.  The similarities in transcripts abundance corresponds to protein blots in 
Figure 3.1, suggesting similar levels of EPSPS expression. 
 These results suggest active production of aromatic amino acids is necessary in 
pollen.  Up to 262 unique proteins have been identified in mature pollen from 
Arabidopsis and the corresponding transcript has been detected in pollen for 224 of the 
proteins.
41
  This suggests that some proteins are actively transcribed and translated in 
mature pollen.  Translation would require available pools of aromatic amino acids.  
Pollen germination assays have suggested that the branched chain amino acid synthesis 
pathway is necessary for pollen germination.
3-5
  In this study, both mature EPSPS protein 
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and transcript were detected in pollen, suggesting that the shikimate pathway and 
aromatic amino acid synthesis may also be active.  Additionally, pollen tube growth has 
been shown to be inhibited by the presence of glyphosate, further suggesting the activity 
of the shikimate pathway.
6
   Target-site based mechanisms that confer glyphosate 
resistance were also expressed in pollen.  Increased EPSPS copy number and transcript in 
GR Palmer amaranth and a P106S mutation in GR common and giant ragweed were 
identified in pollen (Figure 3.6 and Table 3.3). 
 Mechanisms that confer GR in common waterhemp and Palmer amaranth have 
been identified in a number of biotypes.  EPSPS copy number was reported up to 160-
fold greater for GR compared to GS biotypes.
12
  In this study, up to a 282.8-fold increase 
in EPSPS copy number was determined for GR versus GS Palmer amaranth plants.  
Plants from this GR Palmer amaranth population may have more copies of EPSPS 
compared to other GR Palmer amaranth biotypes.  The sensitivity of the GS Palmer 
amaranth populations may have differed between this study and previous reports or the 
abundance of the reference genes may have differed.  The copy number for GS Palmer 
amaranth plants in this study was determined to be 0.2 to 0.8 relative to Toc75, whereas 
the copy number for other GS populations has been reported to be 1.0 to 1.3 relative to 
ALS.
12,14
  An increase in EPSPS copy number, target-site mutations, and altered 
absorption and translocation have been previously reported in GR common waterhemp 
biotypes.  Experiments in this study reveal that plants from the GR common waterhemp 
population do not exhibit an increase in copy number for EPSPS or target-site mutations.  
One study has shown that both a P106S mutation in EPSPS and altered absorption and 
translocation contributes to glyphosate resistance in a biotype of common waterhemp 
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from Mississippi.
24
  Other studies identified either an increase in EPSPS copy number or 
a P106S mutation.
20-22,25,26
  It is likely that altered absorption and translocation or an 
unidentified mechanism, may result in glyphosate resistance in this GR common 
waterhemp population.       
 Mechanisms contributing to glyphosate resistance in ragweed species have not 
been reported previously.  Target-site mutations were not present in GR common 
ragweed in Arkansas, based on enzyme activity assays.
27
  In this study, a P106S mutation 
was identified in both GR common and giant ragweed populations, as well as a GS giant 
ragweed population. 
 
Results suggest that one or more additional mechanisms may be 
active, allowing plants to survive a discriminating dose of glyphosate.  Additionally, a 
homozygous vs. heterozygous P106S mutation may result in differing levels of 
resistance.  Quantitative PCR experiments conducted on ragweed species indicates no 
gene amplification for EPSPS.    
 In summary, EPSPS and target-site resistance mechanisms are expressed in pollen 
of multiple plant species.  A target-site mutation in EPSPS with a P106S point mutation 
was detected in populations of GR common and giant ragweed.  GR Palmer amaranth 
appears resistant due to EPSPS gene amplification while GR common waterhemp is 
likely resistant due to an altered absorption and/or translocation mechanism.  The altered 
site of action in GR ragweed species and overexpression of EPSPS in GR Palmer 
amaranth were confirmed in both leaf tissue and pollen.  Active expression of EPSPS in 
pollen of multiple weed species may permit establishment of assays to discriminate 
glyphosate resistance in mature pollen of suspected GR plants.     
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Table 3.1. Primers and probes used to amplify and quantify DNA of Amaranthus and Ambrosia EPSPS target genes, 
and reference genes, Toc75 and EF1A, in RT-PCR, q-PCR, and qRT-PCR experiemnts. 
Species
a 
Gene
 
Function
b 
Primer Name Primer Sequence 
A. Primers used for RT-PCR 
Amaranthus EPSPS F. Primer EPSF1
c 5’-ATGTTGGACGCTCTCAGAACT CTTGGT-3 
 EPSPS R. Primer EPSR1
c 5’-GTCATAAGTTTCAATGGCGGTGG-3’ 
Ambrosia EPSPS F. Primer ragEPSF1 5’-AAAGAGATTTCTGGAACTGTTAACT-3’ 
 EPSPS R. Primer ragEPSR1 5’- GCAATCATCCTTTCGGTTTCTTT-3’ 
 
B. Primers and probes used for q-PCR and qRT-PCR
d 
Amaranthus EPSPS F. Primer EPSPS_1-38F 5’-AACCTTCATCTGTCCCAGAAATTGTG-3’ 
 EPSPS R. Primer EPSPS_1-110R 5’-GACCCAGGCAATTGAAC AGTACCA-3’ 
 EPSPS Probe EPSPS_1-66T 6FAM-ACAACCCATCAAAGAGATCT-MGB 
 Toc75 F. Primer Toc75_3-2F 5’-TGTGAAGAGATTACAACACGGGAT G-3’ 
 Toc75 R. Primer Toc75_3-2R 5’-TTGCAAAATCCTCTGGCCAGTAG-3’ 
 Toc75 Probe Toc75_3-2P 6FAM-AGCAGCCATATTGC-MGB 
Ambrosia EPSPS F. Primer Rag For2 5’-TGTGTGATCACTCCACCAGAG-3’ 
 EPSPS R. Primer Rag Rev2 5’-GATAGTGACAGGAACGTCTGC-3’ 
 EPSPS Probe  6FAM-AACGTGACAGCCATCGACACGTAT-MGBNFQ 
 EF1A F. Primer EF1A-F1 5’-TCGGTTACAACCCTGACAAA-3’ 
 EF1A R. Primer EF1A-R1 5’-GTCAAGGTTGGTGGACCTCT-3’ 
 EF1A Probe Amb-Art-EF1a1 6FAM-TCACCCTCAAACCCAGAGATGGG-MGBNFQ 
a
 Amaranthus species included: A. rudis and A. palmeri; Ambrosia species included: A. artemisiifolia and A. trifida. 
b
 Abbreviations: F, forward; R, reverse. 
c
 Gaines et al. (2010). 
d
 Monsanto Company, St. Louis, MO 63167. 
                                1
0
6
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Table 3.2. Nucleotide sequence and translation of EPSPS from leaf and pollen of GS and GR common waterhemp (Amaranthus rudis) 
and Palmer amaranth (Amaranthus palmeri).  A dashed line indicates identical nucleotide sequence (A) or amino acid (B) as reference.  
A. Nucleotide sequence
a −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− Nucleotides −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−       
Consensus reference
b 
AAG - GGA ACA GCG - CGC CCA TTG - CTT GGT TCA - CTT CCA GGG - TTG GGT CTT - ATA 
Leaf
c                           
GS-W
d — - — — — - — — — - — — — - — — — - — — — - — 
                          GR-W — - — — — - — — — - — — — - — — — - — — — - — 
                          GS-P — - — — — - — — — - — — — - — — — - — — — - — 
                          GR-P — - — — — - — — — - — — — - — — — - — — — - — 
Pollen
e 
              GS-W
 — - — — — - — — — - — — — - — — — - — — — - — 
                          GR-W — - — — — - — — — - — — — - — — — - — — — - — 
                          GS-P — - — — — - — — — - — — — - — CCT — - — — — - — 
                          GR-P — - — — — - — — — - — — — - — — — - — — — - — 
B. Translation
fg −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− Amino acids and location −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− 
 
90 - 101 102 103 - 105 106 107 - 143 144 145 - 166 167 168 - 191 192 193 - 200 
Consensus reference K - G T A - R P L - L G S - L P G - L G L - I 
Leaf
                            
GS-W
 — - — — — - — — — - — — — - — — — - — — — - — 
                          GR-W — - — — — - — — — - — — — - — — — - — — — - — 
                          GS-P — - — — — - — — — - — — — - — — — - — — — - — 
                          GR-P — - — — — - — — — - — — — - — — — - — — — - — 
Pollen 
 
              GS-W
 — - — — — - — — — - — — — - — — — - — — — - — 
                          GR-W — - — — — - — — — - — — — - — — — - — — — - — 
                          GS-P — - — — — - — — — - — — — - — — — - — — — - — 
                          GR-P — - — — — - — — — - — — — - — — — - — — — - — 
a
 Abbreviations for A. Nucleotide sequence: A, Adenine; C, Cytosine, G, Guanine; T, Thymine. 
b
 The consensus sequence of the EPSPS gene from one Amaranthus palmeri (FJ861242) and two Amaranthus tuberculatus (FJ869880, FJ869881) accessions. 
c
 Leaf indicates the sequence for EPSPS expressed in leaf tissue for two GS and four GR plants from each population evaluated in this study. 
d
 Abbreviations: GS, glyphosate-susceptible; GR, glyphosate-resistant; W, common waterhemp; P, Palmer amaranth. 
e
 Pollen indicates the EPSPS sequence expressed in pollen for each population evaluated in this study. 
f
 The amino acid translations of the nucleotide sequences as aligned with Arabidopsis thaliana (NM_130093.2). 
g
 Abbreviations for B. Translation: A, alanine; G, glycine; I, isoleucine; K, lysine; L, leucine; P, proline; R, arginine; S, serine; T, threonine.  
0 
                                1
0
7
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Table 3.3. Nucleotide sequence and translation of EPSPS from leaf and pollen of GS and GR common ragweed (Ambrosia artemisiifolia) 
and giant ragweed (Ambrosia trifida). A dashed line indicates identical nucleotide sequence (A) or amino acid (B) as reference. 
A. Nucleotide sequence
a −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− Nucleotides −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−       
Ambrosia reference 1
b 
AAG - GGA ACA GCA - CGC CCA TTG - CTT GGT GCA - CTT CCT GGT - CTT GCA CTG - ATT 
Ambrosia reference 2
b
  — - — ACT GCT - CGT CCG — - — — GCC - — — — - — — — - — 
Leaf
c
                GS-C
d — - — ACT GCT - CGT CCG — - — — — - — — — - — — — - — 
                         GR-C
 — - — ACT GCT - CGT TCG — - — — — - — — — - — — — - — 
                         GS-GB — - — ACT GCT - CGT CCG — - — — — - — — — - — — — - — 
                         GS-GA
 — - — ACT GCT - CGT TCG — - — — GCG - — — — - — — — - — 
                         GR-G
 — - — ACT GCT - CGT TCG — - — — GCC - — — — - — — — - — 
Pollen
e
              GS-C — - — ACT GCT - CGT CCG — - — — — - — — — - — — — - — 
                         GR-C
 — - — ACT GCT - CGT TCG — - — — — - — — — - — — — - — 
                         GS-GB — - — ACT GCT - CGT CCG — - — — — - — — — - — — — - — 
                         GS-GA
 — - — ACT GCT - CGT TCG — - — — — - — —  — - — — — - — 
                         GR-G
 — - — ACT GCT - CGT TCG — - — — — - — — — - — — — - — 
B. Translation
fg −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− Amino acids and location −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− 
 
90 - 101 102 103 - 105 106 107 - 143 144 145 - 166 167 168 - 191 192 193 - 200 
Ambrosia reference 1 K - G T A - R P L - L G A - L P G - L A L - I 
Ambrosia reference 2  — - — — — - — — — - — — — - — — — - — — — - — 
Leaf
 
                 GS-C
 — - — — — - — — — - — — — - — — — - — — — - — 
                         GR-C
 — - — — — - — S — - — — — - — — — - — — — - — 
                         GS-GB — - — — — - — — — - — — — - — — — - — — — - — 
                         GS-GA
 — - — — — - — S — - — — — - — — — - — — — - — 
                         GR-G
 — - — — — - — S — - — — — - — — — - — — — - — 
Pollen               GS-C — - — — — - — — — - — — — - — — — - — — — - — 
                         GR-C
 — - — — — - — S — - — — — - — — — - — — — - — 
                         GS-GB — - — — — - — — — - — — — - — — — - — — — - — 
                         GS-GA
 — - — — — - — S — - — — — - — — — - — — — - — 
                         GR-G
 — - — — — - — S — - — — — - — — — - — — — - — 
a Abbreviations for A. Nucleotide sequence: A, Adenine; C, Cytosine, G, Guanine; T, Thymine. 
b Reference sequences of EPSPS from two Ambrosia trifida accessions: WO2013039990 (1:cDNAC 1503 ontig; 2: cDNA 1721). 
c Leaf indicates the sequence for EPSPS expressed in leaf tissue for two GS and four GR plants from each population evaluated in this study. 
d Abbreviations: GS, glyphosate-susceptible; GR, glyphosate-resistant; C, common ragweed; G, giant ragweed; GB, giant ragweed Bradford; GA giant ragweed Azlin. 
e Pollen indicates the EPSPS sequence expressed in pollen for each population evaluated in this study. 
f The amino acid translations of the nucleotide sequences as aligned with Arabidopsis thaliana (NM_130093.2). 
g Abbreviations for B. Translation: A, alanine; G, glycine; I, isoleucine; K, lysine; L, leucine; P, proline; R, arginine; S, serine; T, threonine. 
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Figure 3.1. EPSPS expression in leaves and pollen of glyphosate-susceptible (GS) and -
resistant (GR) Amaranthus and Ambrosia.  Total protein stained (left) and protein blot 
(right) using specific EPSPS antibody for leaf (top) and pollen (bottom) samples.   
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 1 
Figure 3.2. Reverse transcription polymerase chain reaction (RT-PCR) product separation by gel electrophoresis for leaf and pollen of 2 
Amaranthus and Ambrosia.  Specific primers were designed to amplify 1044 bp (Amaranthus) and 1064 bp (Ambrosia) of EPSPS 3 
DNA for glyphosate-susceptible (GS) and -resistant (GR) biotypes.  4 
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1
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 5 
Figure 3.3. Chromatograph peaks indicate a homozygous or heterozygous P106S mutation in EPSPS.  Nucleotides correspond to 6 
amino acid positions 105 to 107 in glyphosate-resistant (GR) common ragweed, glyphosate-susceptible (GS) giant ragweed (Azlin 7 
population), and GR giant ragweed.  At position 106, a cytosine to thymine substitution in the first nucleotide results in a P106S 8 
mutation. 9 
 10 
 11 
 12 
13 
GR common 
ragweed 
GR giant ragweed GS giant ragweed 
105 106 107 105 106 107 105 106 107 
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 14 
Figure 3.4.  Population level polymorphism for EPSPS gene copy number in glyphosate-susceptible (GS) and -resistant (GR) common 15 
waterhemp and Palmer amaranth populations.  Quantitative PCR of genomic DNA was used to compare EPSPS gene copy number to 16 
Toc75 and results are presented as relative EPSPS copy number.  Shown are results from 20 individuals from each population (solid 17 
circle, leaf) and pooled pollen from the population (open triangle).   18 
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 19 
Figure 3.5.  Population level polymorphism for EPSPS gene copy number in glyphosate-susceptible (GS) and -resistant (GR) common 20 
and giant ragweed populations.  Quantitative PCR of genomic DNA was used to compare EPSPS gene copy number to EF1A and 21 
results are presented as relative EPSPS copy number.  Shown are results from 20 individuals from each population (solid circle, leaf) 22 
and pooled pollen from the population (open triangle).   23 
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Figure 3.6.  Pollen expression of EPSPS in glyphosate-susceptible (GS) and -resistant 
(GR) Amaranthus and Ambrosia.  Quantitative RT-PCR was used to compare pollen 
EPSPS,  Toc75, and EF1A transcript levels.  Shown are EPSPS expression relative to 
Toc75 (Amaranthus) or EF1A (Ambrosia). Cycle thresholds (Ct) were obtained for 
EPSPS and GS EPSPS were normalized to one for comparative purposes.  Each 
experiment was conducted in triplicate.  Vertical error bars indicate the standard error of 
the means.   
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Chapter IV 
Glyphosate Stimulates Adventitious Root Formation in Glyphosate-Resistant 
Common Waterhemp (Amaranthus rudis) 
 
Tye C. Shauck and Reid J. Smeda
*
 
 
Abstract.  The underlying physical or biochemical processes resulting in nontarget-site 
glyphosate resistance in common waterhemp (Amaranthus rudis Sauer) are unknown.  A 
biotype of glyphosate resistant (GR) common waterhemp in Missouri did not overexpress 
EPSPS or exhibit a mutation in the gene conferring EPSPS.  Roots of this biotype appear 
necrotic within 14 days of glyphosate application followed by proliferation of 
adventitious roots near the soil surface.  We hypothesize that glyphosate may be 
sequestered in root tips of GR plants; root apical meristems then die followed by re-
initiation of plant growth from lateral root meristems.  Comparing GR and glyphosate-
susceptible (GS) common waterhemp, the objectives of this research were to characterize 
root growth following glyphosate applications and assess the uptake and distribution of 
14
C-glyphosate within the root system.  Six days following application of 0.84 kg ae ha
-1
 
glyphosate, GR plants initiated 4- and 2-fold more root tips within 1 cm of the soil 
surface than treated GS plants and untreated plants, respectively.  Resistant plants 
exhibited 59 to 96% greater root surface area at rooting depths of 0 (soil surface) to 8 cm 
than GS plants by 9 days after treatment (DAT).  At 15 DAT, GR plants produced 98% 
                                                          
*
 Authors: Graduate Research Assistant, Associate Professor, Division of Plant Sciences, University of 
Missouri, 108 Waters Hall, Columbia, MO 65211.  Corresponding author’s E-mail: 
tcs2m5@mail.missouri.edu  
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more root biomass than GS plants.  
14
C-glyphosate absorption across a treated leaf was 
similar between GR and GS biotypes.  Total translocation was reduced by 14% for GR 
plants at 24 hours after treatment (HAT) compared to GS plants.  However, total 
translocation was similar between biotypes by 72 HAT.  Overall, 
14
C-glyphosate 
translocation to plant shoot and root sections was similar between both biotypes, 
suggesting altered translocation is not the discriminating factor contributing to glyphosate 
resistance.  The expression of glyphosate resistance appears related to the plants ability to 
produce adventitious roots.  The initiation of a functional root system is likely key to 
absorption of water and nutrients needed to sustain plant recovery following treatment 
with glyphosate.          
Nomenclature: glyphosate; common waterhemp, Amaranthus rudis Sauer.  
Key Words: absorption; nontarget-site mechanism; radioactive herbicide, root tips.   
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Introduction 
 Legleiter and Bradley (2008) first reported a biotype of glyphosate-resistant (GR) 
common waterhemp (Amaranthus rudis Sauer) in Missouri in 2005.  To date, GR 
biotypes have been reported in 15 US states (Heap 2014).  Several mechanisms 
underlying resistance in common waterhemp: overexpression of 5-enol-pyruvyl-
shikimate-3-phosphate synthase (EPSPS), the target enzyme of glyphosate (Bell et al. 
2009); target-site enzyme mutation (Bell et al. 2013; Nandula et al. 2013); and altered 
absorption and translocation (Nandula et al. 2013).   
 Increased EPSPS gene copy number results in overproduction of EPSPS, 
conferring glyphosate resistance (resistance factor [RF] of 7 to 13) (Gaines et al. 2010; 
Mohseni-Moghadam et al. 2013; Salas et al. 2012).  While EPSPS remains sensitive to 
glyphosate, there is an excess of available enzymes, permitting continued function of the 
shikimate pathway.  GR Palmer amaranth (Amaranthus palmeri) in Georgia (RF of 12) 
and New Mexico (RF of 7) contain 5- to 160-fold and 2- to 8-fold more EPSPS copies, 
respectively compared to glyphosate-susceptible (GS) plants (Gaines et al. 2010; 
Mohseni-Moghadam et al. 2013).  For GR common waterhemp, (RF 5 of 19), biotypes 
have been shown to contain 2- to 8-fold additional copies of EPSPS compared to GS 
biotypes (Bell et al. 2009; Chatham et al. in press; Lorentz et al. 2014; Schultz et al. in 
press).   
 Target-site mutations can alter the conformation of EPSPS, reducing the binding 
affinity of glyphosate, resulting in glyphosate resistance.  Mutant EPSPS often displays a 
substitution of proline 106 (P106) with alanine (P106A), serine (P106S), or threonine 
(P106T) (Bostamam et al. 2012; Jasieniuk et al. 2008; Kaundun et al. 2008; Nandula et al. 
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2013; Yu et al. 2007).  A P106 mutation generally results in moderate levels of resistance 
(RF of 2 to 8) (Powles and Preston 2006).  For GR common waterhemp, Bell et al. (2013) 
found a P106S mutation in an Illinois biotype (RF of 5).  However, a second resistance 
mechanism was suspected because not all plants that contained the P106S mutation 
survived a discriminating dose of glyphosate.  A P106S mutation has also been identified 
in GR common waterhemp biotypes from Missouri and Kentucky (Chatham et al. in 
press; Schultz et al. in press). 
 Altered absorption and translocation of glyphosate can impact herbicide efficacy.  
Differential absorption has been linked to the composition of epicuticular waxes which 
impedes movement of glyphosate across the cuticle (Ferreira and Reddy 2000; Chachalis 
et al. 2001).  Once absorbed, the differential movement of glyphosate can preclude 
translocation to target cells and inhibition of EPSPS activity.  GR horseweed rapidly 
sequesters glyphosate within the vacuole by an adenosine triphosphate (ATP)-binding 
cassette (ABC) transporter, resulting in reduced translocation (Ge et al. 2010; Yuan et al. 
2007).  Phosphate transport pumps may also play a role in cellular exclusion of 
glyphosate (Shaner 2009).  A number of species are resistant based upon differential 
absorption and translocation; this results in moderate to high levels of resistance (RF of 3 
to 17) (Shaner 2009).  Reduced movement of glyphosate is a common resistance 
mechanism in various species: johnsongrass (Sorghum halepense) (Riar et al. 2011; Vila-
Aiub et al. 2011); Italian ryegrass (Michitte et al. 2007); rigid ryegrass (Lolium rigidum) 
(Yu et al. 2007; Yu et al. 2009; Bostamam et al. 2012); Palmer amaranth (Nandula et al. 
2012); horseweed (Conyza canadensis) (Feng et al. 2004; Koger and Reddy 2005); and 
common waterhemp (Nandula et al. 2013). 
119 
 
 Translocation of absorbed glyphosate to apical meristems, lateral shoot 
meristems, and root meristems is important to stop plant growth.  Up to 29% of applied 
14
C-glyphosate translocated to common waterhemp roots within 74 hours of application 
to treated leaves (Li et al. 2005).  Up to 7% less glyphosate translocated to the roots of 
GR compared to GS common waterhemp (Nandula et al. 2013).  Conversely, there was 
50% more glyphosate translocated to the roots of GR compared to GS Palmer amaranth 
(Nandula et al. 2012).   
Isolation of glyphosate in treated plants may permit programmed tissue death, 
followed by regrowth of new meristematic tissue.  For example, fully developed leaves in 
GR giant ragweed (Ambrosia trifida) from Indiana curled and showed necrosis within 18 
hours of glyphosate application (Adler 2011; Segobye et al. 2012).  The symptomology is 
similar to that resulting from application of a contact herbicide (Adler 2011; Segobye et 
al. 2012).  Ragweed leaves fall from plants about 14 days after treatment, followed by 
initiation of new leaves from apical and axillary meristems (Adler 2011).  Therefore, 
glyphosate may accumulate and be trapped in designated tissue because metabolism of 
glyphosate to non-lethal metabolites is very low (Duke et al. 2003).  A hypersensitive 
response is observed in plants resistant to microbial pathogens, where programmed cell 
death is caused by accumulation of reactive oxygen species in plant cells infected by the 
pathogen (Heath 2000).   
 Observation of root growth in a GR common waterhemp biotype in Missouri 
reveals the root system may play a role in affording glyphosate resistance.  Within 14 
days following treatment with glyphosate, the primary root system appears necrotic and 
adventitious roots are initiated near the soil surface.  Resistance may be mediated by a 
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novel mechanism involving partitioning and isolation of glyphosate in specific root 
structures followed by death of these roots.  The objectives of this research were to 
characterize root growth following glyphosate applications and quantify glyphosate 
absorption as well as translocation to and within the root system of GR common 
waterhemp.    
 
Materials and Methods 
Plant Material. GS common waterhemp seed was collected at the Bradford Research 
and Extension Center (38.89°N, 92.21°W) near Columbia in 2009.  In 2010, GR common 
waterhemp seed was collected from a producer’s field near Millersburg, MO (38.95°N, 
92.07°W). Sensitivity and resistance to glyphosate was confirmed in the greenhouse by 
treating 20 GR and GS plants (10 cm tall) with 1.68 kg ae ha
-1
 glyphosate (potassium salt, 
Roundup WeatherMAX®, Monsanto Company, St. Louis, MO 63167).  Two weeks after 
application, 100% mortality was observed for all GS plants and ≥ 80% survival was 
observed in all GR plants (data not shown).  In previous research, the mechanism of 
resistance to glyphosate in the GR population was not based upon an altered EPSPS or 
overexpression of EPSPS (Shauck 2014). 
 Common waterhemp seedlings were established in 25 by 50 cm polypropylene 
flats containing commercial potting mix (Pro-mix BT, Hummert International, 4500 
Earth City Expressway, Earth City, MO 63045) in a greenhouse, and maintained at 25 to 
30 C.  Lighting was supplemented using metal halide lamps to result in an average 
photosynthetic photon flux density of 500 μmol photon m-2 s-1; daylength was 13 hr.  
When plants reached 2.5 cm, roots were washed to remove soil and seedlings were 
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transplanted into a hydroponic system in a growth chamber.  The growth chamber was 
maintained at a temperature of 30:25 C (day:night) and lighting adjusted to provide a 13 
hour photoperiod with an average photosynthetic photon flux density of 950 μmol photon 
m
-2
 s
-1
. 
 The hydroponic system consisted of common waterhemp seedlings growing in 
80% Hoagland’s solution (Table 1; Hoagland and Arnon 1950).  Individual seedlings 
were placed in a polystyrene foam cup containing modified Hoagland’s solution and each 
plant suspended inside a foam plug inserted into a hole cut in the lid (Figure 4.1).  A one 
centimeter hole was created at the base of the cup and a rubber stopper was placed in the 
hole.  A 21 gauge, 3.8 cm needle was inserted through the rubber stopper and all cups 
were connected to a network of polypropylene tubing; an aquarium air pump was used to 
continuously provide air to plant roots.  Plant roots were placed between two, rigid 
polypropylene sheets within each cup to direct root growth.      
Root Response to Glyphosate.  When plants reached 7.5 to 10 cm in height (4 to 6 leaf 
stage), glyphosate was broadcasted on GS plants at 0 (UT), 0.21 (0.25X), 0.42 (0.5X), or 
0.84 (1X) kg ae ha
-1
 and on GR plants at 0 (UT), 0.42 (0.5X), 0.84 (1X), or 1.26 (1.5X) 
kg ae ha
-1
.  Glyphosate solution was prepared in de-ionized water and applied using a 
pneumatic sprayer equipped with a 8001E (TeeJet Spraying Systems Co. World 
Headquarters, P.O. Box 7900, Wheaton, IL, 60187-7900) nozzle spray tip, calibrated to 
deliver 140 L ha
-1
 at 167 kPa.  An additional two treatments were included: the shoot 
apical meristem (SAM) was clipped or the SAM and root tips (RT) (SAM/RT) were 
clipped at the time glyphosate was applied to other plants.  The shoot apical meristem 
was clipped above the petiole of the second fully developed leaf and approximately 5 mm 
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of each root tip was clipped.  At 0, 3, 6, 9, 12, and 15 days after treatment (DAT), plants 
were removed from the hydroponic system and placed on a blue polypropylene sheet.  A 
photograph was taken of the root system using a digital camera (FinePix HS25EXR, 
FujiFilm Corporation, Tokyo, Japan) fixed to a tripod.  All plants were placed at the same 
location on the blue polypropylene sheet by aligning a reference mark on the sheet and 
the simulated soil surface (0 cm point), referenced by the location of the plant stem at the 
base of the foam plug.  The blue polypropylene sheet also contained reference marks at 1, 
3, 5, and 8 cm below the simulated soil surface to allow assessment of root growth in 
distinct zones.  Photographs at the 0 DAT timing were taken 3 hr prior to glyphosate 
applications. 
   Root growth following glyphosate application or clipping was assessed by 
counting root tips, quantifying root surface area, and total biomass accumulation; shoot 
biomass was also recorded.  Assessments were recorded for roots in each zone: any root 
growth above the 1 cm depth (< 1 cm), 1 to 3 cm, 3 to 5 cm, and 5 to 8 cm below the 
simulated soil surface.  Between 9 and 15 DAT, root proliferation of untreated plants 
(UT), clipped plants, and glyphosate-treated GR plants was extensive, precluding 
accurate assessment of the number of root tips; therefore, a value of 200 was assigned.  
Less than 150 root tips were recorded in all root zones; therefore, a value of 200 
represented the highest level of root tip proliferation.  Root surface area was estimated for 
each root zone by color analysis using WinRhizo software (Regent Instruments Inc., 
Canada).  Color classifications of digital photos at each DAT timing were made by 
selecting 10 color pixels for each of 4 classifications including: background, stem, 
healthy root, and dead root.  Healthy and dead root surface area were combined for a total 
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root surface area.  Biomass accumulation was assessed by sectioning plants into shoots 
and roots after the 15 DAT digital photos were taken.  Shoots and roots were dried at 60 
C for 3 to 5 days and the weight recorded.  
14
C-Glyphosate Absorption and Translocation.  To assess glyphosate absorption and 
translocation in common waterhemp, plants were grown in the hydroponic system 
described above.  When plants reached 7.5 to 10 cm in height (4 to 6 leaf stage), the third 
fully expanded leaf was covered with clear polypropylene film and glyphosate (non 
14
C-
labeled) was broadcast at 0.84 kg ae ha
-1
.  Glyphosate was applied using a CO2 
pressurized backpack sprayer at a speed of 4.8 km h
-1
; XR8002 TeeJet flat-fan nozzle tips 
were used and calibrated to deliver 140 L ha
-1
 at 152 kPa.  After the spray solution dried 
(approximately 30 minutes) the clear plastic was removed and 
14
C-glyphosate applied.  A 
solution at a final concentration equivalent to 0.84 kg ha
-1
 in 140 L with 0.5 GBq mL
-1
 
radioactivity was prepared using a commercial formulation of glyphosate and 
14
C-
glyphosate (
14
C-phosphonomethylene labeled with 2,042 GBq mmol
-1
 specific activity, 
97% radiochemical purity in aqueous stock solution of 3.7 MBq mL
-1
; PerkinElmer Inc., 
Boston, MA 02118) in deionized water.  A 10 μL volume of solution, containing 5 kBq 
of 
14
C-glyphosate, was applied to the adaxial surface of the third fully expanded leaf in 7 
droplets using a Hamilton syringe (Hamilton Company, Reno, NV 89520). 
 Plants were harvested at 24, 72, 120, and 168 hours after treatment (HAT) and 
sectioned into: treated leaf (TL), shoot above treated leaf (SATL), shoot below treated 
leaf (SBTL), and roots.  The timing of plant harvest was based upon visual observation of 
resumption of root growth from the plants treated with unlabeled glyphosate in the 
section above.  Root sections were partitioned by tap root depth: <1, 1 to 3, 3 to 5, 5 to 8, 
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and > 8 cm as described above in the root growth section.  Within each root section, new 
roots, old roots, and old root tips were separated.  Digital photographs of each plant were 
taken at least 3 hours prior to 
14
C-glyphosate applications and used to distinguish new 
and old roots at harvest.  Root pieces detached from the root system were strained out of 
the nutrient solution and assessed for radioactivity.  Treated leaves at the harvest time of 
plants were washed by immersing in 10 mL of 10% methanol in a glass vial and gently 
shaken for 20 s to remove non-absorbed 
14
C-glyphosate.  The washed, treated leaves 
were then re-washed in an additional 10 mL of 10% methanol.  Two 1 mL aliquots of 
each leaf wash were added to 10 mL of scintillation cocktail (ScintiVerse BD, Fisher 
Scientific, Pittsburgh, PA 15275) to quantify unabsorbed glyphosate.  Dissected plant 
tissue was placed in glass vials and oven dried at 60 C for 48 h.  Dry biomass was 
recorded and tissue combusted in a biological oxidizer (Packard Model 307, 
PerkinElmer, Waltham, MA 02451).  The evolved 
14
CO2 was trapped in 10 mL 
Carbosorb E (PerkinElmer) plus 10 mL Permaflour E+ (PerkinElmer).  A 1 mL aliquot of 
the modified Hoagland’s solution was taken from each cup and mixed with 10 mL of 
scintillation cocktail to assess root exudation of 
14
C-glyphosate.  Radioactivity from leaf 
washes, oxidized plant tissue, and Hoagland’s solutions were quantified using liquid 
scintillation spectrometry (LS 6500, Beckman Coulter, Brea, CA 92821).  Mean recovery 
of applied 
14
C-glyphosate was > 95% at each time point, based upon the sum of the 
radioactivity measured in all leaf washes, plant parts, and nutrient solution; minimum 
recovery was 95.6%.  Total radioactivity recovered in all areas except the treated leaf was 
designated as translocated 
14
C-glyphosate and the level of 
14
C-glyphosate in each plant 
section was expressed as percent of absorbed. 
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 Controls were included to determine the efficiency of liquid scintillation 
spectrometry.  Ten microliters of 
14
C-glyphosate, equivalent to 5 kBq radioactivity, was 
added to 10 mL ScintiVerse BD and 10 mL of 10% methanol in triplicate for each 
experiment.  A 1 mL aliquot of 
14
C-glyphosate in 10% methanol was added to 10 mL 
ScintiVerse BD.  Efficiency of liquid scintillation spectrometry was calculated by 
dividing the amount of measured radioactivity by the amount of applied radioactivity, 
and was > 97%.  The efficiency of recovering combusted 
14
C-gyphosate was also 
determined using a 
14
C standard (Spec-chec, PerkinElmer).  Leaves of control plants (not 
used in experiments) were treated with 5 kBq of 
14
C-glyphosate in triplicate for each 
experiment and also used to determine efficiency.  Recovery was calculated by dividing 
the measured amount of radioactivity in liquid scintillation spectrometry by the amount 
of radioactivity oxidized, and was > 97% for both methods.  Background radioactivity 
was determined by liquid scintillation spectrometry for scintillation cocktails with no 
addition of 
14
C-glyphosate.  Background values of 41.49 and 65.45 disintegrations per 
minute (DPM) were subtracted from vials containing radioactivity in ScintiVerse BD and 
Carbosorb E + Permaflour E+, respectively.   
Statistical Analysis.  For root growth analysis, the experimental design was a split plot in 
time with treatment and plant population considered to be the main plot variable and 
evaluation date considered to be the sub-plot variable.  There were 4 and 6 replications 
for the GS and GR plants, respectively; experiments were repeated.  Data for root surface 
area and root as well as shoot biomass were square root and log transformed, 
respectively, to correct for normality.  However, untransformed data are presented for 
clarity.  A MIXED procedure in SAS (statistical software version 9.2, SAS Institute, Inc., 
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100 SAS Campus Drive, Cary, NC 27513) was used to determine main and interaction 
effects of treatment, population, and evaluation date factors, while experimental run was 
considered a random factor.  Significant differences between GS and GR root tips and 
root surface area were determined by T-tests within DAT timing and treatment.  For root 
biomass, mean separation for the treatment and population interaction was conducted 
using Fisher’s Protected LSD at P = 0.05.   
 With the 
14
C-glyphosate analysis, the experimental design was a split plot in 
space with plant population considered to be the main plot variable and harvest timing 
considered to be the sub-plot variable.  There were 3 and 5 replications for the GS and 
GR plants, respectively; the experiment was conducted three times.  Radioactivity data 
are expressed as either a percentage of the total radioactivity applied or total radioactivity 
absorbed.  A GLIMMIX procedure in SAS utilizing a logit link and beta distribution was 
used to determine significant main and interaction effects for plant population and harvest 
timing factors, with experimental run considered a random factor.  Mean separation was 
conducted using Fisher’s Protected LSD at P = 0.05.     
 
Results and Discussion 
Root Response to Glyphosate.  Changes in the number of root tips varied through time 
for GR and GS plants depending upon treatment of the plants (Figures 4.2 and 4.3).  In 
untreated GR and GS plants, root tip numbers increased in each root zone, reaching an 
estimated maximum approximately 12 d after initiating the experiment (Figure 4.2).  In 
the <1 cm zone, root tip numbers for GR plants were numerically greater than GS plants, 
but only significantly greater at 12 DAT.  Following application of 1X glyphosate, root 
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tip numbers in the <1 cm zone of GR plants increased similarly compared to untreated 
plants through 3 DAT.   However, by 6 DAT, there were approximately 40 root tips for 
treated versus 23 root tips for untreated GR plants.  Numerical differences between root 
tips numbers for treated and untreated GR plants persisted through 9 DAT, but were 
similar at later time points (Figure 4.2).  Visually, development of the root system for GR 
plants at 1X glyphosate was far inferior to untreated plants at 6 DAT and later (Figure 
4.4).  Interestingly, there was a proliferation of adventitious roots formed along GR plants 
within 1 cm of the simulated soil surface or even slightly above it after treatment with 1X 
glyphosate compared to untreated plants (Figure 4.5).  By 15 DAT, the root system of GR 
plants clearly indicated recovery from 1X glyphosate (Figure 4.4)  For untreated versus 
1X treated GS plants, root tip numbers were comparable in the <1 cm zone from 0 to 15 
DAT (Figure 4.2).  However, it was clear that the overall root system of glyphosate 
treated GS plants did not resume growth (Figure 4.4).  This suggests that treated GS 
plants attempted to develop a root system in the root zone closest to the simulated soil 
surface.  However, in the 1 to 3, 3 to 5, and 5 to 8 cm zones, no new root tips were 
counted on GS plants following treatment with 1X glyphosate (Figure 4.2).  This 
indicated the extent of the impact of glyphosate on sensitive waterhemp. 
For plants where the shoot apical meristem was removed, GS plants initiated new 
root tips at a much faster rate than GR plants in each zone through 9 DAT, and through 
12 or 15 DAT in the <1 and 1 to 3 cm root zones, respectively (Figure 4.3).  GR plants 
produced fewer than 20 root tips at a depth of < 1 cm and did not produce any new root 
tips at lower depths until 9 DAT.  For SAM/RT treated plants, root tip numbers were 
similar for all root zones and time points for GS and GR plants.  Following treatment 
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with 0.5X glyphosate, the number of root tips for GR versus GS plants was greater at the 
1 to 3, 3 to 5, and 5 to 8 cm zone at 9 DAT, but similar for all other time points.  No 
differences in root tip numbers were noted between GS and GR plants in the <1 cm zone.  
For GS plants treated with 0.25X and GR plants treated with 1.5X glyphosate, root tip 
numbers were similar for each time point, indicating the response of roots in plants 
treated with each respective rate of glyphosate was similar (Figure 4.3).  The large 
proliferation of root tips in the <1 cm root zone for GR plants treated with 1X glyphosate 
(Figure 4.2) was not observed for plants treated with 1.5X glyphosate (Figure 4.3) at each 
time point.     
Root surface area was another indicator of root development for waterhemp plants 
(Figure 4.6).  In untreated plants, root surface area was similar for GS and GR plants for 
all time points except 6 DAT at the two lowest root zones.  However, in the presence of 
1X glyphosate, root surface area of GR plants was similar to GS plants through 6 DAT, 
then up to 96% greater through 15 DAT (Figure 4.6).  Changes in the root surface area of 
1X treated GR plants followed initiation of new root tips at each depth by 6 DAT (Figure 
4.2).  The root surface area of GS plants changed from 2 to 7 cm
2
 from 0 to 15 DAT in 
the <1 cm root zone, but did not change at lower depths indicating plants did not recover 
from glyphosate. 
Although some significant differences between the root surface area of GS and 
GR plants were measured over the course of the experiment for SAM and SAM/RT 
treatments, the pattern was overall similar (Figure 4.7).  Also, the patterns of increasing 
root surface area for GS and GR plants treated with 0.25X and 1.5X glyphosate 
respectively was similar.  In the presence of 0.5X glyphosate, root surface area was 
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greater for GR versus GS plants at 9 DAT or later for root zones below 1 cm.  At all 
rooting depths for plants treated with glyphosate, there was generally less root surface 
area compared to untreated plants (Figures 4.6 and 4.7).   
Patterns of shoot and root biomass accumulation in GS and GR plants followed 
that of root tip formation and root surface area development (Figure 4.8).  There were no 
significant differences in shoot biomass between GS and GR plants for the untreated, 
SAM, SAM/RT, and low rate of glyphosate (0.5X) treatments (Figure 4.8A).  However, 
in the presence of 1X glyphosate, both shoot and root biomass of  GS plants were 
reduced up to 98% and 99%, respectively  compared to GR plants.  For GS plants, 
SAM/RT clipping and all rates of glyphosate significantly reduced root biomass 
compared to untreated or SAM clipped plants.  The root biomass of GR plants was 
significantly lower after treatment with glyphosate at 1X or 1.5X compared to all other 
treatments.  Shoot biomass of GS plants was reduced 42 to 99% for all glyphosate 
treatments compared to non-glyphosate treatments.  With GR plants, only shoot biomass 
for the 1.5X glyphosate treated plants was lower than the non-glyphosate treatments.  
In the absence of glyphosate or clipping the SAM or RT, accumulation of shoot 
and root biomass was similar between GS and GR plants, suggesting that resistance in the 
GR waterhemp did not impose a growth penalty on plants.  When the SAM or SAM and 
RT were clipped, some variation in root tip formation between GS and GR plants was 
noted, but accumulation of shoot and root biomass was similar.  Removal of apical 
dominance by clipping the shoot meristem of GS plants resulted in rapid formation of 
new root tips in all root zones.  The loss of apical dominance, resulting when the plant 
tissue responsible for auxin production is removed (shoot meristem), often triggers root 
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growth of annual plants (Torrey 1976).  The GR plants did not exhibit the same level of 
root proliferation as GS plants following removal of apical dominance.  However, GR 
plants did exhibit a proliferation of root tips following clipping of original root tips, 
suggesting damage or inhibition to the parent roots may be needed to stimulate root 
proliferation.   
Glyphosate-resistant common waterhemp plants responded to 1X glyphosate by 
rapid initiation of new root tips near the soil surface and to a depth of 5 cm (Figure 4.2). 
The number of root tips at a depth of < 1 cm was almost 2-fold greater for GR plants 
treated with 1X glyphosate compared to untreated plants.  This indicates that GR plants 
may rapidly reallocate resources for new root growth to ensure survival.  A similar 
response in pea (Pisum sativum L. var Alaska) roots treated with auxin herbicides was 
described by Scott and Morris (1970).  They described three distinct phases of root 
inhibition: inhibition of root elongation 24 hours after treatment (HAT), rapid radial 
swelling adjacent to the root tip by 48 HAT, and massive proliferation of lateral roots by 
120 HAT.  The rapid response observed in waterhemp root tip growth following 
application of 1X glyphosate was not observed in root surface area data.  A lack in 
significant differences is likely due to the small surface area of newly initiated roots. 
While GS plants generally survived lower rates of glyphosate, rapid root 
proliferation was not observed.  Additionally, rapid root proliferation in GR plants treated 
with 1X glyphosate was not to the same extent as in plants treated with a 0.5X or 1.5X 
glyphosate.  This suggests that 0.5X glyphosate may not have been a high enough rate to 
damage the root system of GR plants.  For GR plants treated with  1.5X glyphosate, 
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proliferation of shallow roots was not comparable to 1X treated plants, but root tip 
formation at greater depths was similar.  
14
C-Glyphosate Absorption and Translocation.  Absorption of 
14
C-glphosate was 
overall similar between GS and GR plants (Table 4.2).  At 24 HAT, 39 and 46% of 
applied glyphosate was absorbed into GS and GR plants.  This gradually increased over 
time, resulting in 56 and 59% of applied 
14
C-glyphosate for GS and GR plants, 
respectively at 168 HAT.   
Initial translocation of 
14
C-glyphosate out of the treated leaf was much lower for 
GR versus GS plants at 24 HAT (23 versus 9% of herbicide absorbed) (Table 4.2).  
However, the total amount of 
14
C-glyphosate in GR plants that was translocated out of 
the treated leaf was identical to GS plants by 72 HAT.  At 168 HAT, 24% of absorbed 
14
C-glyphosate was translocated out of the treated leaf for both GR and GS plants.   
 The amount of 
14
C-glyphosate retained in the treated leaf of GS and GR plants 
varied with time after application (Table 4.3).  GR plants retained almost 91% of the 
radiolabeled glyphosate in the treated leaf by 24 HAT, compared to 77% for GS plants.  
The amount of 
14
C -glyphosate in treated leaves were similar for both biotypes at later 
time points up to 168 HAT.  There was little to no difference in the amount of 
14
C-
glyphosate in shoots above or below the treated leaf and the roots at any time point for 
GS plants.  In GR plants, additional 
14
C-glyphosate accumulated in shoot and root tissue 
for the 72, 120, and 168 versus 24 HAT time points (Table 4.3).     
For root sections where new roots, old roots, and old root tips were partitioned, 
little change in the levels of 
14
C-glyphosate over time within each section were noted.  
For GS plants, 99% of the 
14
C-glyphosate absorbed was located within old roots and old 
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root tips for the <1 and 1 to 3 cm root zones, respectively.  For GR plants, 91 and 90% of 
the 
14
C-glyphosate was located within old roots and old root tips for the <1 and 1 to 3 cm 
root zones, respectively.  At no time point did the amount of 
14
C-glyphosate in new roots 
exceed 18% of the total translocated to roots.  Detached roots at the time of harvest 
contained < 2% of the radioactivity translocated to the root system.  Radioactivity was 
also recovered from Hoagland’s nutrient solution.  At 24 HAT, 0.5 to 0.93% of the 
absorbed 
14
C-glyphosate was recovered from the solution for both biotypes; by 168 HAT, 
2.2 to 3.2% was recovered.  No radioactivity was detected in 5 to 8 cm depth roots of GS 
plants at any time points, indicating that no new root growth was initiated following 
glyphosate application.  However, in GR plants there was radioactivity detected in roots 
at a depth of 5 to 8 cm by 72 HAT, indicating that new root growth was being initiated. 
 The absorption and distribution of 
14
C-glyphosate in GR versus GS waterhemp 
plants indicates that resistance in GR plants does not appear related to differential 
absorption or translocation.  Absorption of 
14
C-glyphosate was similar or higher in GR 
plants compared to GS plants.  While total translocation was significantly reduced in GR 
plants 24 HAT, no differences were measured by 168 HAT.  In other research with the 
GR population, the basis for glyphosate resistance is not overexpression of EPSPS or 
mutation of an amino acid on EPSPS in the binding region for glyphosate (Shauck, 
2014).  
A number of previous reports have indicated that reduced translocation of 
glyphosate contributes to resistance.  For example, Nandula et al. (2013) reported 9 to 
11% less glyphosate translocation out of the treated leaf in GR common waterhemp (RF 
of 5) compared to a GS biotype.  Riar et al. (2011) identified a resistant biotype of 
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johnsongrass (RF of 5 to 7) where only 23% of glyphosate was moved out of the treated 
leaf compared to 50% in susceptible plants.  Koger and Reddy (2005) described that 
horseweed biotypes from Mississippi and Delaware translocated 28 and 48% less 
glyphosate out of the treated leaf, respectively compared to the susceptible biotype.   
 For weed species reported resistant to glyphosate via reduced translocation out of 
the treated leaf, a reduction in glyphosate translocation to the root system was also 
attributed to partially explain resistance.  A GR biotype of johnsongrass in Argentina (RF 
of 2 to 4.5) translocated only 11% of applied glyphosate to roots compared to 29% in the 
susceptible biotype (Vila-Aiub et al. 2011).  A GR common waterhemp biotype in 
Mississippi translocated 7% less glyphosate to the roots than the GS biotype (Nandula et 
al. 2013).  Conversely, in GR Palmer amaranth there was 50% more glyphosate 
translocated to the roots compared to the susceptible (Nandula et al. 2012).  In this study, 
glyphosate translocation to roots was similar in both GS and GR biotypes, suggesting that 
altered translocation in whole tissue does not contribute to glyphosate resistance.  
However, robust differences in root tip formation of 1X glyphosate treated versus 
untreated plants in this study suggests intra-cellular differences in glyphosate 
accumulation between GR and GS waterhemp may contribute to resistance in this GR 
common waterhemp population. If translocation of glyphosate was not different between 
GR and GS plants, then the localization of glyphosate must be different.  This was 
evidenced by the rapid and extensive proliferation of adventitious roots for GR plants 
challenged with 1X glyphosate.  Additionally, the pattern of root proliferation was 
dissimilar for glyphosate treated versus untreated or physically clipped plants.  Primary 
root elongation appeared to be disrupted initially in GR plants when treated with 
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glyphosate, followed by extensive proliferation of adventitious roots close to the 
simulated soil surface (Figure 4.4).     
 Exclusion of glyphosate from the target-site may allow GR plants to proliferate 
adventitious roots.  Shaner (2009) discussed four hypotheses that may result in target-site 
exclusion of glyphosate and result in glyphosate resistance.  First, an alteration in the 
phosphate transporter that actively moves glyphosate into the cell may reduce cellular 
uptake, but only at low glyphosate concentrations due to passive uptake at high 
concentrations.  Second, a new transporter may be expressed that can sequester 
glyphosate into the vacuole.  An adenosine triphosphate (ATP)-binding cassette (ABC) 
transporter has been identified in GR horseweed and can rapidly sequester glyphosate 
within the vacuole (Ge et al. 2010; Yuan et al. 2007).  Third, a new transporter may be 
expressed that can actively pump glyphosate out of the cell into the apoplast.  Dinelli et 
al. (2008) suggests glyphosate is sequestered in the apoplast in GR hairy fleabane 
(Conyza bonariensis), primarily the result of the upward mobility of glyphosate via the 
xylem as well as reduced translocation to sink tissue.  Fourth, a new transporter may be 
expressed at the chloroplast envelope that excludes glyphosate from the chloroplast.  If 
evolution of a new transporter occurred as described in the second and third hypotheses, 
then translocation of glyphosate would also be impacted due to sequestration in the 
apoplast.  The evolution of a transporter on the chloroplast membrane would exclude 
glyphosate from the target-site.  Therefore, minimal differences in the 
14
C-glyphosate 
detected in shoot or root tissue between GR and GS waterhemp may not reflect potential 
differences in intracellular concentrations of glyphosate.     
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Exclusion of glyphosate from the target site in meristematic tissue of GR versus 
GS common waterhemp could explain the lack of differences in 
14
C-glyphosate 
accumulation and be consistent with the pattern of root tip formation in GR plants.  In 
cell suspension culture using corn (Zea mays L.) and soybean (Glycine max L.) it was 
determined that active glyphosate uptake occurred against a concentration gradient with 
an estimated Michaelis constant (concentration of glyphosate at one-half the velocity 
[Km]) of 31 μM (Hetherington et al. 1998).  At external cellular glyphosate concentrations 
of greater than 250 μM, uptake appeared linear, suggesting passive uptake (Hetherington 
et al. 1998).  The initial lag in translocation out of the treated leaf at 24 HAT in GR plants 
may be due to reduced active cellular uptake of glyphosate.  The translocation of 
glyphosate out of the treated leaf by three days after treatment may be the result of 
passive cellular uptake of glyphosate.  After translocation to the apical meristematic 
tissue in root tips, it is likely that passive uptake resulted in some level of inhibition of the 
target-site.  However, in lateral meristematic tissue found in the stem and primary root 
along with lower glyphosate concentrations, it is likely that reduced active cellular uptake 
of glyphosate precluded target-site inhibition and permitted new growth.  This may 
explain the extensive proliferation of adventitious roots near the soil surface.  These new 
roots contained 5% or less of the 14C-glyphosate translocated out of the treated leaf.       
       Changes in the root architecture in GR waterhemp plants after treatment with an 
expected lethal rate of glyphosate indicate how plants initially exhibit recovery.  The 
proliferation of adventitious roots near the soil surface is an outcome of resistance and is 
not thought to be a cause for resistance.  These roots do not contain lethal amounts of 
glyphosate, and development of new roots consistently precedes initiation of new shoot 
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tissue (personal observation).  The initiation of a functional root system is likely key to 
absorption of water and nutrients needed to sustain plant recovery following treatment 
with glyphosate.  Future research should focus on intracellular localization of glyphosate, 
which could explain the mechanism of resistance in this biotype of GR waterhemp. 
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Table 4.1. Composition of modified Hoagland’s solutiona. 
Chemical Mg L
-1
 H2O 
Major Elements 
Calcium nitrate 936.0 
Potassium nitrate 400.7 
Magnesium sulfate 190.8 
Monopotassium phosphate 107.9 
Minor Elements 
Fe sequestrene 4.0 
Boric acid 1.13 
Manganese chloride 0.72 
Zinc sulfate 0.09 
Copper sulfate 0.03 
Molybdic acid 0.05 
a
 Hoagland and Arnon (1950). 
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Table 4.2.  Absorption and total translocation of 
14
C-glyphosate in glyphosate-
susceptible (GS) and glyphosate-resistant (GR) common waterhemp (Amaranthus 
rudis) biotypes.   
      
 HAT
a
: — 24 — — 72 — ─ 120 ─  ─ 168 ─ 
 Population: GS GR
 
GS GR GS GR GS GR 
  ————— % of applied 14C-glyphosateb —————— 
Absorption
c 
39 46 50 56 54 54 56 59 
  ————— % of absorbed 14C-glyphosate —————— 
Treated leaf
 
77 91*
d 
78 75 83 70 76 76 
Total translocation
 
23 9* 22 25 17 30 24 24 
             
a
 Plants were harvested at 24, 72, 120, and 168 hours after treatment (HAT). 
b
 A total of 5 kBq radioactivity was applied to each plant.  Numbers indicate means of 
nine GS and fifteen GR plants. 
c
 Absorption was calculated as sum of radioactivity recovered in all plant parts and 
nutrient solution. 
d
 An asterisk indicates a significant difference between the GS and GR biotypes at P = 
0.05. 
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Table 4.3
1
. Redistribution of absorbed 
14
C-glyphosate over time for glyphosate-susceptible (GS) and glyphosate-resistant (GR) 
common waterhemp (Amaranthus rudis) biotypes. 
 
Population: ————————— GS ————————— ————————— GR ————————— 
HAT
a
: 24 72 120 168 LSD
b 
24 72 120 168 LSD 
 ——————— % of absorbedc ——————— ——————— % of absorbed ——————— 
Treated leaf 76.5 78.3 83.3 76.2 ns 90.8 a 74.5 b 69.8 b 76.0 b 12.9 
Shoot above treated leaf 10.1 7.3 5.9 7.8 ns 3.2 b 9.4 a 10.4 a 7.7 ab 4.7 
Shoot below treated leaf 5.3 a 3.4 ab 2.3 b 4.3 ab 2.8 2.1 b 3.9 ab 4.2 a 3.4 ab 2.1 
Roots  7.9 11.2 8.3 12.1 ns 3.8 b 12.5 ab 16.0 a 13.0 ab 9.2 
           
Root Sections           
< 1 cm 
NR
d 
- - 0.38 0.29 ns - 0.36 0.93 0.56 ns 
OR 3.22 2.99 1.62 3.44 ns 1.47 b 5.83 a 4.93 ab 3.77 ab 3.9 
ORT 1.86 2.23 1.03 1.29 ns 0.71 b 1.63 ab 2.09 a 1.10 ab 1.2 
Total 4.87 5.23 2.69 4.89 ns 2.18 b 7.66 a 7.88 a 5.37 ab 5.2 
1 - 3 cm 
NR - - - 0.10 ns - 0.12 0.70 0.59 ns 
OR 1.57 1.58 1.29 1.71 ns 0.68 b 2.14 ab 2.30 ab 2.85 a 1.9 
ORT 0.73 1.78 1.96 1.73 ns 0.51 b 1.64 ab 2.25 a 1.61 ab 1.4 
Total 2.3 3.36 3.25 3.46 ns 1.19 b 3.81 ab 4.87 a 4.86 a 3.4 
3 - 5 cm 
NR - - - - - - 0.01 0.14 0.31 ns 
OR - 0.97 0.39 1.44 ns - 0.16 b 0.23 b 1.81 a 1.5 
ORT - 1.22 1.86 3.30 ns - 0.46 0.36 2.62 ns 
Total - 2.19 2.25 4.74 ns - 0.63 0.41 2.99 ns 
5 - 8 cm 
NR - - - - - - - 0.15 0.33 ns 
OR - - - - - - 0.03 0.65 0.35 ns 
ORT - - - - - - 0.08 0.05 -
e 
ns 
Total - - - - - - 0.10 0.82 0.68 ns 
                                                          
1
 Table 4.3 continues on next page. 
                                1
4
3
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> 8 cm OR - - - - - - - 1.03 0.12 ns 
ORT - - - - - - - 0.15 0.10 ns 
Total - - - - - - - 1.18 0.23 ns 
Detached roots 0 0 0 0.07 ns 0 0.04 0 0.10 ns 
Exuded
f 
0.93 2.18 2.15 3.22 ns 0.50 0.93 2.66 2.24 ns 
a
 Plants were harvested at 24, 72, 120, and 168 hours after treatment (HAT). 
b
 Mean separation by Fisher’s protected LSD at P = 0.05.  Different letters within a population and row indicate a significant 
difference; ns, not significant. 
c
 Mean percent of absorbed 
14
C-glyphosate for three GS and five GR plants. 
d
 Abbreviations: NR, new roots; OR, old roots; ORT, old root tips. 
e
 Primary root tips for the 5 - 8 cm root depth extended to the > 8 cm depth at 168 HAT. 
f
 Exuded radioactivity was recovered from Hoagland’s nutrient solution. 
                                1
4
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Figure 4.1. Representation of hydroponic system for growth of common waterhemp.  Plants were suspended inside a foam plug 
inserted into a hole cut in the lid of a polystyrene foam cup and roots were immersed in a modified Hoagland’s solution (Hoagland 
and Arnon 1950).  A hole, approximately 1 cm in diameter, was made in the bottom of the cup approximately 2 cm from the base.  A 
rubber micro stopper was placed in the hole in the cup and a 21 gauge, 3.8 cm needle punctured through the rubber stopper.  The 
needle was fixed to a network of polypropylene tubing to supply air to each cup from an aquarium air pump.  Plant roots were placed 
between two rigid polypropylene sheets within each cup to direct root growth. 
                                1
4
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Figure 4.2. Number of root tips for glyphosate-susceptible (GS) and glyphosate-resistant 
(GR) common waterhemp following application.  The number of root tips were counted 
for root depths of < 1, 1 to 3, 3 to 5, and 5 to 8 cm at 0, 3, 6, 9, 12, and 15 days after 
treatment (DAT).  Treatments included: untreated (UT) and glyphosate at 0.84 (1X) kg ae 
ha
-1
.  Vertical bars indicate standard errors of the mean and an asterisk indicates a 
significant difference between GS and GR root tips at a particular timing. 
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Figure 4.3. Number of root tips for glyphosate-susceptible (GS) and glyphosate-resistant 
(GR) common waterhemp following application.  The number of root tips were counted 
for root depths of < 1, 1 to 3, 3 to 5, and 5 to 8 cm at 0, 3, 6, 9, 12, and 15 days after 
treatment (DAT).  Treatments included: clipping of the shoot apical meristem (SAM), 
clipping of the SAM and root tips (SAM/RT), and glyphosate at 0.21 (0.25X), 0.42 
(0.5X), or 1.26 (1.5X) kg ae ha
-1
.  Vertical bars indicate standard errors of the mean and 
an asterisk indicates a significant difference between GS and GR root tips at a particular 
timing. 
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Figure 4.4.  Representative root growth and response to glyphosate for common waterhemp (Amaranthus rudis).  Biotypes include: 
glyphosate-susceptible (GS) and glyphosate-resistant (GR) common waterhemp.  Normal root growth is represented by untreated (UT) 
plants and root response to glyphosate is represented by an application rate of 0.84 kg ae ha
-1
 (1X).  Photos were taken at 0, 3, 6, 9, 
and 15 days after treatment (DAT). 
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Figure 4.5.  Representative root growth and response to glyphosate near the soil surface 
for glyphosate-resistant (GR) common waterhemp (Amaranthus rudis).  Normal root 
growth is represented by the untreated (UT) plant and root response to glyphosate is 
represented by an application rate of 0.84 kg ae ha
-1
 (1X).  Photos were taken at 6 days 
after treatment (DAT). 
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Figure 4.6. Root surface area for glyphosate-susceptible (GS) and glyphosate-resistant 
(GR) common waterhemp following application.  Surface area was estimated for depths 
of < 1, 1 to 3, 3 to 5, and 5 to 8 cm at 0, 3, 6, 9, 12, and 15 days after treatment (DAT) by 
WinRhizo color analysis.  Treatments included: untreated (UT) and glyphosate at 0.84 
(1X) kg ae ha
-1
.  Vertical bars indicate standard errors of the mean and an asterisk 
indicates a significant difference between GS and GR at a particular timing. 
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Figure 4.7. Root surface area for glyphosate-susceptible (GS) and glyphosate-resistant 
(GR) common waterhemp following application.  Surface area was estimated for depths 
of < 1, 1 to 3, 3 to 5, and 5 to 8 cm at 0, 3, 6, 9, 12, and 15 days after treatment (DAT) by 
WinRhizo color analysis.  Treatments included: clipping of the shoot apical meristem 
(SAM), clipping of the SAM and root tips (SAM/RT), and glyphosate at 0.21 (0.25X), 
0.42 (0.5X), or 1.26 (1.5X) kg ae ha
-1
.  Vertical bars indicate standard errors of the mean 
and an asterisk indicates a significant difference between GS and GR at a particular 
timing. 
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Figure 4.8. Biomass accumulation in shoots (A) and roots (B) of glyphosate-susceptible 
(GS) and glyphosate-resistant (GR) common waterhemp.  Fifteen days after treatment 
plants were dried at 60 C for 3 to 5 days and weight recorded.  Treatments included: 
untreated (UT), clipping of the shoot apical meristem (SAM), clipping of the SAM and 
root tips (SAM/RT), and glyphosate at 0.21 (0.25X), 0.42 (0.5X), 0.84 (1X), or 1.26 
(1.5X) kg ae ha
-1
.  Vertical bars indicate standard errors of the mean and lowercase letters 
indicate mean separation by Fishers protected LSD at P = 0.05. 
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